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Agricultural  productivity  and  human  well-being  are  built  upon  ecosystem 
services  and  disservices.  Ants  in  tropical  agroecosystems  drive  a  complex 
network of direct and indirect interactions between crops and their mutualists 
and antagonists.  Until  now most  studies of  ecosystem services of  ants only 
focus on single interactions. But little is known about the dynamics between 
multiple  interactions,  their  relative  importance,  how they are  affected by ant 
community properties and how they add up to final yield quantity and quality.
We tested the hypothesis that  ecosystem services of ant  communities differ  
depending on their community structure,  species richness and evenness, and 
on the presence and identity of dominant ants. We experimentally manipulated 
ant communities in 15 smallholder cacao agroecosystems with four treatments 
each: (i) Unmanipulated ant communities with relatively high species richness 
and evenness; (ii) Dominance by the native Dolichoderus cf. thoracicus, which 
is  considered  as  possible  biocontrol  agent  and  maintains  a  similar  species 
richness and evenness;  (iii)  Dominance by the invasive  Philidris  cf. cordata, 
which reduces ant species richness and evenness; (iv) Exclusion of all ants as 
zero-control.  For  16  months  we  monitored  the  ant  fauna,  cacao  fruit 
development, pests and disease incidents and yield.
Ants provided ecosystem services, including reduced leaf herbivory,  reduced 
cacao fruit pest damage and enhanced fruit set, but also disservices, including 
increased density of mealybugs (their mutualistic trophobionts) and higher fruit 
loss  due  to  pathogen  dissemination.  We  discovered  a  negative  plant  trait 
mediated indirect effect of a minor pest, the mirid bug Helopeltis sulawesi, on 
the major pest of cacao in Southeast Asia, the pod-boring moth Conopomorpha 
cramerella,  leading  to  yield  maxima  with  moderate  fruit  damage  rates  by 
Helopeltis. Therefore top down control of Helopeltis by ants can be detrimental 
for cocoa production and be considered as indirect ecosystem disservice.
Marketable  yields  were  highest  with  species-rich,  even  and  unmanipulated 
communities. The effects of single species dominance strongly depended on 
the traits of the dominant species. With the invasive ant  Philidris, ecosystem 
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disservices outweighed the benefits leading to yield losses of 34% compared to 
the control, while dominance of the native Dolichoderus resulted in high yields 
as in the control. Ant exclusion decreased yield by 27%. Using the example of  
top down control of leaf herbivores by ants we give an example that correcting 
abundance data for physiological and behavioural traits like body size and food 
preferences can improve the accuracy of ecological models.
In  conclusion,  we  show the  need  to  use  crop  yield  as  a  measure  for  final 
ecosystem  services  in  order  to  integrate  all   intermediate  services  and 
disservices.  Ant  community  structure  and  dominant  species  traits  affect  the 
balance between services and disservices in surprisingly complex ways, with 
high species richness and evenness ensuring the highest benefits.
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II General Introduction
A planet formed by agriculture
Until now human activity has converted more than 38% of the Earth´s ice-free 
terrestrial  surface  into  agroecosystems  (Millennium  Ecosystem  Assessment 
2005;  FAO 2013).  The  super-exponential  human population  growth  and  the 
resulting increased demand for food, feed, fuel and fibre will result in a further 
expansion  and  intensification  of  agricultural  area  worldwide  (Godfray  et  al. 
2010).  Conventional  intensification  of  agriculture  and  area  expansion  into 
sensitive ecosystems are primary drivers behind many environmental threats, 
including climate change (West et al. 2010), biodiversity loss (Sala et al. 2000) 
and degradation of land and freshwater  (Foley et al. 2005). The most drastic 
consequences are observed in tropical countries, where more than 55% of the 
new agricultural land comes at the expense of intact forests, and another 28% 
from  disturbed  forests  (Gibbs  et  al.  2010).  Even  under  the  most  optimistic 
scenarios,  tropical  protected  areas  are  insufficient  to  preserve  biological 
diversity  and  ecosystem  services  in  the  long  term  (Putz  et  al.  2001).  This 
stresses the ecological importance of agricultural landscape in which protected 
areas are embedded (Tscharntke et al. 2005).
Agroforestry systems
As landscapes in the tropics are increasingly dominated by agriculture (Achard 
et al.  2002), often agroforests represent the only habitat with a considerable 
tree cover  (Schroth & Harvey 2007). Complex agroforestry systems like well 
shaded coffee or cacao plantations are considered to serve as ecological buffer 
zones at the margins of conservation areas  (Klein & Steffan-Dewenter 2002), 
which can be important refuges for biodiversity for certain groups (Bos, Steffan-
Dewenter, & Tscharntke 2007; Perfecto & Vandermeer 2008). But in the course 
of  the  worldwide  agricultural  intensification  as  well  tropical  agroforesty 
ecosystems like traditional shaded coffee and cacao plantations are modified. 
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Farmer  remove  or  prune the  shade trees  (Rice  & Greenberg  2000;  Siebert 
2002; Perfecto et al. 2007). and invest more money in agrochemicals (Wanger, 
Rauf,  &  Schwarze  2010),  even  though  these  measure  often  have  failed  to 
increase yields permanently but lead to “boom-and-bust” cycles (Clough, Faust, 
&  Tscharntke  2009).  In  agroecosystems there  often  is  a  change  in  species 
composition in  comparison to  natural  habitats,  because  not  all  species may 
survive  in  farming  systems  (Barlow  et  al.  2007;  Kleijn  et  al.  2011).  But 
biodiversity losses and community composition changes are more drastic with 
increasing  habitat  homogenisation  due  intensification  (Benton,  Vickery,  & 
Wilson 2003). Therefore agricultural productivity and biodiversity conservation 
have been traditionally viewed as incompatible. But a recent study shows that 
agroforests can be designed to optimize both biodiversity and crop production 
benefits without adding pressure to convert natural habitat to farmland (Clough 
et  al.  2011).  This  is  because agricultural  production  is  highly  dependent  on 
ecosystem services such as pest control, pollination and soil fertility amongst 
others  (Power 2010) and these ecosystem services are often associated with 
both “planned” and “associated” biodiversity (Tscharntke et al. 2012).
Ants in cacao plantations
In  many  tropical  agroecosystems  ants  play  a  decisive  role  in  ecosystem 
functioning. They are, beside birds, the most important predators of arthropods 
(Hölldobler  &  Wilson  1990) and  may  effectively  limit  herbivore  populations, 
including agricultural pests  (Zehnder et al. 2007; Armbrecht & Gallego 2007; 
Philpott, Perfecto, & Vandermeer 2008). But not all ecosystem functions of ants 
are beneficial for cacao farming: For example ants, as well as other arthropods, 
can transmit plant diseases including the cacao fruit infecting black pod disease 
caused by  Phytophthora palmivora (Butler) (Evans 1973). Many ants as well 
form close mutualisms with homopterans with which they exchange protection 
for honeydew (Blüthgen, Stork, & Fiedler 2004). Predatory ants can be attracted 
by  homopterans  to  specific  foraging  sites  and  deter  herbivores  and  plant 
parasites  (Perfecto  &  Vandermeer  2006).  But  when  they  attend  large 
homopteran  aggregations  ants  may  be  important  “cryptic  herbivores”  (Hunt 
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2003), indirectly consuming large amounts of plant phloem.
With intensification and homogenisation of the habitats the probability increases 
that  single  ant  species  become  numerically  dominant,  which  often  leads  to 
species  diversity  losses  and  a  disrupted  evenness  (Perfecto  et  al.  2003; 
Armbrecht, Perfecto, & Vandermeer 2004). There still is a lack of understanding 
if  and how these altered ant assemblages may affect pests and diseases of 
cash crops (Philpott & Pardee 2012). The scope of my thesis was to fill this gap 
of knowledge.
In chapter III we introduce the reader to our ant fauna manipulation experiment 
in  Indonesian  cacao  plantations,  in  which  we  experimentally  established 
contrary  ant  communities  which  occur  frequently  in  the  study  region:  a) 
Dominace  by  the  aggressive  invasive  ant  species  Philidris  cf.  cordata.  b) 
Dominance by the presumably beneficial ant Dolichoderus cf. thoracicus c) Ant 
exclusion  d)  relatively  undisturbed  ant  fauna  as  control.  For  19  month 
monitored cacao fruit development and compared the direct and indirect effects 
of the different ant communities on pests and diseases. With this detailed data 
we depict a multi-trophic interaction network between cacao and its mutualists 
and antagonists, which is driven by the traits of the dominant species and the 
ant community properties, and we asses the final ecosystem services in terms 
of final yield.
In  chapter IV we focus on a negative plant trait mediated indirect interaction 
between a minor and a major pest of cacao. Combining field observation data 
with  laboratory behavioural  experiments  we  could  prove  that  feeding of  the 
minor pest induces a plant trait change in cacao fruits which negatively affects 
the  major  pests.  This  trait  mediated indirect  interaction  is  consistent  among 
seasons  and  spatial  scales  and  leads  to  a  yield  maximum  with  moderate 
incidence  rates  of  the  minor  pest.  We  discuss  concrete  implications  for 
management  and  the  importance  of  trait  mediated  interactions  in 
agroecosystems.
In  chapter  V we  gather  evidence  that  correcting  for  behavioural  and 
physiological traits improves prediction strength of ecological models. We use a 
detailed dataset of leaf herbivory rates, arboreal ants and arthropod herbivores 
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in cacao plantations. We compare the statistical fit  of models explaining leaf 
loss using ant abundances, ant biomasses and ant biomasses corrected for the 
behaviour  of  the  single  species  at  bait  choice  tests  (sugar  vs.  protein). 
Explanatory power was best when we corrected abundance data for both, body 
size and preference of the species for protein.
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Abstract
In  tropical  agroecosystems  ants  affect  crops  through  their  impact  on  plant 
mutualists and antagonists. Hitherto few studies address multiple interactions, 
and little is known about how these differ between ant communities, and how 
they integrate into crop yield.
We manipulated ant communities  in cacao agroecosystems by combining ant 
exclusion  and  introduction  of  invasive  and  native  dominant  species  and 
monitored cacao fruit development, pests, diseases and yield for 16 months.
Ant communities provided ecosystem services, including reduced leaf herbivory 
and fruit pest damage and pollination facilitation, but also disservices, such as 
increased  mealybug  density,  phytopathogen  dissemination  and  indirect 
enhancement of  damage by a major pest in response to the reduction of a 
minor pest.
Yields  were  highest  with  species-rich,  even,  unmanipulated  communities, 
whereas ant  exclusion  decreased  yield  by 27%.  Introduction  of  an  invasive 
dominant ant decreased species richness and evenness and resulted in 34% 
lower yields, while introduction of a non-invasive dominant species resulted in 
similar species richness and yields as in the unmanipulated control.
The integration of multiple effects within crop yield shows that species traits 
affect  ant  community  structure  and  the  balance  between  services  and 
disservices  in  surprisingly  complex  ways,  with  species-rich  and  even 
communities ensuring highest crop yield.
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Introduction
Ecosystem services and disservices in agriculture depend on a complex suite of 
direct  and  indirect  interactions  (Vandermeer  et  al.  2010) involving  multiple 
herbivores  (Stowe et al.  2000), pathogens  (Evans 2007), predators  (Schmitz 
2007; Bruno & Cardinale 2008) and pollinators (Klein et al. 2007). Most studies 
of ecosystem services in agriculture focus on single interactions. To assess the 
importance  of  planned  and  associated  biodiversity  (Vandermeer  2011) in 
agroecosystems for the quantity and quality of yield, all intermediate ecosystem 
services and disservices need to be analyzed (Mace et al. 2012).
In  tropical  agroecosystems  ants  play a  key role  (Eubanks  2001;  Philpott  & 
Armbrecht 2006),  with native or invasive ant species frequently achieving high 
abundances and becoming ecologically dominant  (Hölldobler & Wilson 1990). 
Such dominant  ant  species  often form particularly intensive mutualisms with 
hemipterans (so-called trophobionts) which provide honeydew as sugar source 
in exchange for protection against potential predators  (Blüthgen et al. 2004), 
and allow ants to build large colonies with multiple (polydomous) nests (Richard 
et al. 2001). This can result in dominant ants reducing species richness and 
evenness of ant communities by aggressively excluding other species from their 
territory and from food sources (Gibb & Hochuli 2003). We expect this to reduce 
ecosystem services, because ant diversity can have significant top down effects 
on the arthropod fauna (Philpott et al. 2004), including agricultural pest species 
(James et al. 1999; Robertson & Swinton 2005). On the other hand the higher 
ant abundances under increasing dominance can also increase predation, so 
ant communities with dominance of a single ant species may be equally or more 
effective  in  suppressing  pest  species  than  more  evenly  structured  ant 
communities (Gove 2007).
Ant community effects on crop yield may not only consist in ecosystem services 
like pest predation and changes in pollination success (Philpott et al. 2006), but 
also in ecosystem disservices such as pathogen spore dissemination  (Evans 
2007), increases in herbivory via effects on pest-pest interactions (Wielgoss et 
al.  2012) and  mutualism  with  crop-damaging  hemipterans (Davidson  et  al. 
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2003). However, little is known to date on the effect of dominant ants and ant 
community properties on the final yield outcome of such a suite of interactions 
and until now most studies addressing effects on ecosystem function involve 
only one or very few ecosystem processes (Hillebrand & Matthiessen 2009). 
We hypothesise that the single effects may vary in sign and size depending on 
the presence of dominant ants, on their ecological traits, and on the structure of 
the  ant  community.  Ant  communities  with  high  species  richness  and  high 
evenness (i.e. a similar share of abundance in a community) could be beneficial  
by maintaining services and diluting potential  disservices associated with ant 
dominance (Hillebrand & Bennett 2008).
And we assume that species rich, even ant communities enhance ecosystem 
services  more  than  disservices,  and  that  the  service-disservice  balance  is 
negatively affected by specific traits of dominant and invasive ant species. To 
test  these  hypotheses  we  used  a  highly  replicated ant  fauna  manipulation 
experiment in smallholder cacao agroforestry in Sulawesi, Indonesia comparing 
four distinctive ant communities which are widespread in the study region. This 
experimental approach reduced confounding effects of environmental variables 
or land use practices on ant community structure. For 16 months we monitored 
every two weeks ant communities, flowers, fruits, incidence of fruit damage due 
to  pests  and  diseases  and  final  yield.  Here  we  analyze  the  effects  of  ant 
community  structure  on  pests  and  diseases  of  cacao  and  we  depict  how 
different ant communities affect the balance between ecosystem services and 
disservices  and  drive  final  crop  outcome.  We found  that  traits  of  dominant 
species and ant community structure affect cacao trees via a complex crop-
antagonist-mutualist  interaction  network.  Even and species  rich communities 
provided the best ecosystem services leading to highest yields.
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Methods
Study area and study plots.
All  sites were situated in  Palolo  valley,  Central  Sulawesi,  Indonesia.  In  May 
2009 we selected 15 cacao plots (50 x 50m) without insecticide use for at least 
one year, differing in shade intensity and with absence of  Philidris  cf. cordata 
and  Dolichoderus cf.  thoracicus.  (hereafter  called  Philidris  and Dolichoderus 
respectively). In each plot we placed 4 subplots (10 x 10m) with a minimum 
distance of 8m containing 9 neighbouring cacao trees each.
Ant treatments.
In cacao plantations of our study region the dolichoderine ant species Philidris 
cf. cordata has recently become invasive and ecologically dominant. It reduces 
ant species richness  (Wielgoss et al. 2010) and can displace other dominant 
species  such  as  the  native  Dolichoderus cf.  thoracicus which  might  be 
beneficial as an effective predator of cacao pests (Way & Khoo 1992; Van Mele 
&  Cuc  2001).  Both  ant  species  are  associated  with  the  mutualistic  cacao 
mealybug Cataenococcus hispidus Morrison (Hemiptera: Pseudococcidae), with 
whom  they  exchange  protection  against  honeydew.  Both  species  can  be 
ecologically dominant, but they differ in spatial activity patterns and tolerance 
towards subordinate ant species.
The  ant  fauna  manipulation  treatments  were  assigned  randomly  to  four 
subplots:  i)  Undisturbed  naturally  occurring  ant  fauna  as  control  ii) 
Establishment  of  Philidris or  iii)  Dolichoderus as  ecologically  dominant  ant 
species on the test trees using artificial nest sites; iv) Exclusion of ants from test 
trees using nest destruction and insect glue on the tree stem base as barriers 
(Fig.III.A1). The treatments were installed in August 2009 and maintained until  
July 2011 (for details of methods see Appendix chapter III).
Data collecting.
Every 2 weeks from March 2010 to  July 2011,  on all  trees in  the subplots, 
flowers  were counted,  cacao fruits  were  classified  by size and pest/disease 
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incidence and ripe fruits were harvested and dry weight of marketable beans 
was recorded.  All beans of fruits of one subplot were pooled and dried in the 
sun.  Defective  beans  were  separated to  account  for  yield  quality  and  were 
weighed separately from marketable dry beans. To avoid confounding effects of 
differences between the subplots we recorded tree characteristics, temperature 
and shade cover. The percentage of shade tree canopy cover was based on 
hemispheric  pictures  obtained  above  the  cacao  canopy.  To  determine  the 
herbivory rates we collected two times twenty fully developed, mature leaves on 
each of three randomly selected trees per subplot using a telescopic branch-
cutter.  The  leaves  were  selected  in  stratified  random  sampling  to  assure 
coverage of the different parts of the tree crown and scanned digitally. To assure 
that  the  leaves  had  grown  during  their  whole  lifespan  in  the  according  ant 
treatments the leaf herbivory surveys were conducted at the end of the study in 
April  2011.  The area of  leaf  loss was calculated using the software  ImageJ 
(Abràmoff  et  al.  2004). All  ant-attended  mealybug  aggregations  and  their 
location were recorded in all test trees in May 2011. Ants were surveyed and 
identified to morphospecies one time before and three times after treatment 
installation in each subplot using standardized tuna and sugar baits on the nine 
cacao trees and at four ground locations per subplot (for sampling details see 
Appendix II).
Inoculation experiment.
The phytopathogen  Phytophthora palmivora Butler  (Peronosporales: 
Pythiaceae)  causes  the  most  severe  cacao  disease  in  Indonesia.  Beside 
transmission trough wind and rain invertebrate vectors, especially tent-building 
ants, are the most important ways of dissemination (Evans 2007). To check for 
contamination with  Phytophthora we inoculated each 50 fruits with 0.5 cm³ of 
dead  Philidris and  Dolichoderus workers  and material  of  the  typical  detritus 
tents of Philidris, which are built on cacao fruits (Fig.III.A3). As control for each 
group we used the same inocula, but desinfected with 5% bleach. As a baseline 
we  used  control  50  fruits  without  inocula.  After  8  days  the  area  of  typical 
Phytophthora lesions were measured and we compared each experiment group 
with its according control and the baseline control using a Welch two sample t-
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tests.  Identity  of  P. palmivora  was confirmed  in  the  laboratory  (for  detailed 
methods see Appendix II).
Data analysis.
Cacao tree characteristics:  To detect possible confounding variables we fitted 
linear mixed effects models with canopy cover, cacao tree height, diameter at 
breast  height  and  crown  volume  as  dependent  variable,  treatment  as 
explanatory variable and plot as random effect.
Ant community characteristics: To detect differences in ant community structure 
we aggregated the ant data per subplot and fitted linear mixed effect models by 
restricted maximum likelihood (REML) for mean ant abundances at the baits 
and ant species richness per subplot with plot and survey round as random 
effects. Then we conducted a Tukey's contrast test for multiple comparisons of 
means.
Insect pests and diseases:To predict ant treatment effects on the incidence of 
the main pest,  Conopomorpha cramerella  Snellen (Lepidoptera: Gracillaridae) 
and the incidence of a minor pest,  Helopeltis sulawesi  Stonedahl (Hemiptera: 
Miridae),  we fitted binomial  generalized linear  mixed models by the Laplace 
approximation over the amount of infected harvested fruits versus the number 
of  healthy  harvested  fruits  per  subplot,  plot  and  harvest  run.  To  detect 
differences in leaf herbivory between treatments we fitted linear mixed effect 
models by REML for percentage of leaf loss (mean per subplot)  with plot and 
subplot as random factors and we fitted linear mixed models by REML to check 
if leaf loss was correlated with evenness.  To check for differences in number 
trophobiont aggregations we fitted linear mixed effect models by REML for total 
number  of mealybug  aggregations  (log-transformed)  per  subplot  with  plot, 
subplot as random factors.  To compare differences in location of trophobiont 
aggregations  we  calculated  the  percentage  of  total  aggregations  found  at 
leaves and shoots  and we  fitted  linear  mixed effect  models  by REML,  with 
subplot  and  plot  as  random factors  followed  by  a  Tukey's  contrast  test  for 
multiple comparisons of means.  We fitted a binomial generalized linear mixed 
model by the Laplace approximation over the total amount of medium and large 
fruits  lost  due  the  phytopathogen  P.  palmivora  during  the  experiment  time 
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versus the total number of harvested non infected fruits per subplot, with plot as 
random effect.
Fruit set: To detect differences in fruit set rates we aggregated open flower data 
from April 2010 to May 2011, but small fruit counts from June 2010 to July 2011 
per subplot to avoid bias, because two months was the mean development time 
from flowers to small  fruits. We then fitted binomial generalized linear mixed 
models (GLMM) by the Laplace approximation over the amount of small fruits 
versus the number of open flowers per subplot with plot and subplot as random 
factors.
Early fruit abortion:  To detect differences in the rates of early fruit abortion we 
fitted  binomial  GLMMs  by  the  Laplace  approximation  over  the  number  of 
aborted fruits versus the number of  survived fruits per subplot with plot  and 
subplot as random factors. To assess possible influence of pests on early fruit 
abortion  we  repeated  the  analysis  with  leaf  loss,  number  of  mealybug 
aggregations and percentage of Helopeltis damage as explanatory variables. 
Fruit development:  We aggregated the flower and fruit data of all observation 
runs and of the nine trees per subplot and used linear mixed effect models fit by 
restricted maximum likelihood (REML) with plot and subplot as random effects 
to test for ant treatment effects on the number of flowers, total number of young 
cacao fruits, number of fruits which survived the early fruit abortion, number of 
harvested fruits. 
Yield and revenue: For dry yield and total marketable dry cacao beans we used 
the  first  12  months  of  data  to  have  estimates  for  one  complete  harvesting 
season.  Extrapolating  the  ant  community  effects  on  yield  observed  in  our 
experiment to larger areas is legitimate, since Philidris, when naturally present 
in  a  cacao  plantation  can  dominate  >80%  of  the  trees  with  similar  high 
abundances as in our experimental treatments  (Wielgoss et al. 2010), and as 
well  Dolichoderus, can  be  similarly  dominant  over  larger  cacao  plantations, 
when provided with nesting sites and trophobionts (Way & Khoo 1991; Hosang 
et al. 2010). The mean cacao world market price during this time was 3.14 US$ 
kg-1  (ICCO  2010).  For  each  ant  community  treatment  we  calculated  total 
harvest value per year and hectare using the first 12 months of yield data and 
assuming 1111 trees per ha (3m planting distance).
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Results
Cacao tree characteristics.
Cacao tree height, stem diameter at breast height, crown volume and shade 
cover did not vary significantly between treatments in each plot (Table.III.A1).
Ant communities.
Ant abundances in subplots with the experimentally established single species 
dominances  were  higher  than  in  the  unmanipulated  control  treatments 
(Fig.III.1a,  Philidris: t = 3.61,  P <  0.01;  Dolichoderus:  t = 3.32,  P  <  0.01,  in 
Fig.III.1a,b,c we the mean of surveys and of the 9 trees per subplot). In the ant  
exclusion trees the mean ant abundance was reduced to < 10% of the control ( t 
=  -5.55,  P <0.01).  This  is  comparable  to  the  reduction  rates  of  other  ant 
exclusion experiments (Klimes et al. 2011; Piñol et al. 2012).
Fig.III.1a): Abundance of workers at protein and sugar baits
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While species richness in  Dolichoderus  treatments was similar to the control 
(Fig.III.1b,  t = -0.55,  P = 0.59), it was ~50% lower in the other two treatments 
(Fig.III.1b, Philidris : t = -3.59, P < 0.01, Ant exclusion: t = -4.14, P <0.01).
Similarly,  the  evenness  in  Dolichoderus  treatments  was  comparable  to  the 
unmanipulated communities (Fig.III.1c,  t = -0.47,  P = 0.64), while presence of 
the aggressive Philidris reduced evenness sharply (t = -3.59, P < 0.01). In ant 
exclusion  treatments  occurrence  of  ants  was  so  rare  that  calculation  of 
evenness was not meaningful. 
Fig.III.1b): Ant species richness at protein and sugar baits
Fig.III.1c): Pielou's evenness of ants at protein and sugar baits
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Composition, abundances and species richness of the ant communities in our 
Philidris or  Dolichoderus  dominance treatments  were  similar  to  natural 
occurrences of these species found in cacao plantations of the same region 
(Bos et al. 2007; Wielgoss et al. 2010). Model details are given in Table.III.A2.
Effects on fruit set and initial number of fruits.
There  were  no  differences  in  number  of  flowers  between  the  treatments 
(Table.III.A3). In ant exclusion treatments a similar proportion of flowers set fruit  
as in the control  (Fig.III.2,  Table.III.A4,  z = -26.1,  P < 0.01),  whereas in the 
Dolichoderus (z = 46.5, P < 0.01) and Philidris (z = 29.0, P < 0.01) treatments 
the rates were higher.
Fig.III.2: Percentages of fruits set, early fruit abortion, leaf loss due herbivory, 
harvested fruits with damage by Helopeltis sulawesi or Conopomorpha 
cramerella pests and fruits lost due Phytophthora palmivora disease in the 
different treatments of the ant manipulation experiment in cacao plantations 
(grey= unmanipulated control; dark brown = dominance of native Dolichoderus 
ant; light brown = dominance of invasive Philidris ant, beige = ant exclusion).
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Fruit set correlated positively with ant abundances on the trees in the subplots 
(Fig.III.A2, Table.III.A4,  z = 26.1, P < 0.01).  The number of young fruits were 
similar  in  the control  subplot  and in  subplots dominated by  Dolichoderus or 
Philidris,  but  lower  in  subplots  with  ant  exclusion  (Fig.III.3,  Table.III.A3, 
Dolichoderus: t = -0.74, P = 0.46; Philidris: t = 1.05, P = 0.30; Ant exclusion: t = 
-2.31, P = 0.026).
Effects on early fruit abortion.
Cacao  trees  can  abort  fruits  in  early  development  stages  because  of 
environmental factors, diseases and pests. The lowest abortion rates of young 
fruits  were  in  non-manipulated  control  subplots,  followed  by  Dolichoderus 
dominated ant communities (Fig.III.2, Table.III.A4,  z = 2.2,  P = 0.03) and ant 
Fig.III.3: Number of total fruits, fruits after early fruit abortion and harvested 
fruits per subplot and total dry beans and marketable dry beans in kg per 
hectare and year in the different treatments of the ant manipulation experiment 
in cacao plantations (grey= unmanipulated control; dark brown = dominance of 
native Dolichoderus ant; light brown = dominance of invasive Philidris ant, beige 
= ant exclusion).
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exclusion (z = 7.2, P < 0.01), whereas Philidris dominated ant communities had 
highest abortion rates (z = 2.2, P < 0.01). Differences in percentage of fruit set 
and  the  subsequent  fruit  abortion  partly  counterbalanced  each  other  and 
resulted  in  similar  amounts  of  developing  fruits  in  control  and  Dolichoderus 
dominated  subplots (Fig.III.3,  Table.III.A3,  t  =  -1.03,  P =  0.30).  In control 
subplots the number of surviving fruits was lower (t  = -3.4,  P < 0.01) and in 
Philidris subplots it was lower on average, but not significantly so (t = -1.03, P = 
0.10).
Indirect ant community effects on early fruit abortion.
The percentage of aborted fruits was positively correlated with fruit damage by 
the sap sucking mirid Helopeltis sulawesi  (Table.III.A4,  t = 4.30,  P <0.01), leaf 
loss due to herbivores (t = 5.82, P <0.01) and amount of mealybugs (t = -4.48, 
P <0.01), all of which were affected by the ant fauna. The two Dolichoderinae-
dominated ant communities reduced fruit damage due to H. sulawesi (Fig.III.2, 
Table.III.A4,  Dolichoderus:  z =  -15.35,  P < 0.01;  Philidris: z =  -7.71,  P < 0.01) 
compared to  control  subplots,  while  in  ant  exclusion  subplots  there  was no 
difference (z = -0.22, P = 0.83) in fruit damage by Helopeltis. In comparison to 
control  treatments  herbivory  rates  were  reduced  in  Dolichoderus dominated 
trees (Fig.III.2, Table.III.A1,  t =  -4.14,  P < 0.01), but elevated in ant exclusion 
treatments (t =  3.85,  P < 0.01) and was higher (with marginal significance) in 
Philidris treatments  (t  = 2.68,  P =  0.09;  Table.III.A1).  Ant  communities  with 
dominance of single species attended more mealybug aggregations per subplot 
than the communities of the control (Table.III.A2,  Dolichoderus:  t  = 1.02,  P = 
<0.01;  Philidris: t = 5.56,  P = <0.01).  In the ant exclusion plots,  numbers of 
trophobiont aggregations were lower (t = -1.37,  P = <0.01).  A major difference 
between the ant communities was the distribution of the mealybug aggregations 
within trees, which may influence the spatial ant activity patterns (Blüthgen et al. 
2004). While Philidris attended their mealybug partners preferably at fruits and 
flowers and only with a lower percentage on leaves and shoots (Table.III.A2, t = 
-2.67, P = <0.01) relative to control, Dolichoderus preferred to transfer them to 
young leaves and shoots (t = 2.28, P = <0.01, Table.III.A2 ).
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Effects on fruit infesting pathogens.
The most important disease of cacao in South-East Asia is the pan-tropic black 
pod  disease  caused  by  Phytophthora  palmivora (Evans  2007).  In  Philidris 
subplots a higher percentage of fruits were lost due to Phytophthora than in all 
other treatments (Fig.III.2, Table.III.A4, z = 12.52,  P < 0.01). In the inoculation 
experiment  we  showed  that  Philidris workers  and  their  tent  material  were 
infested with spores of Phytophthora (Philidris ants: t = 3.63; P < 0.01; Philidris 
tent material: t = 6.18; P < 0.01; Table.III.A5). Dolichoderus workers had also a 
higher infection potential than the control (t = 5.67, P < 0.01), but significantly 
lower than in case of Philidris workers (t = -3.3, P < 0.01; Table.III.A5). The fruits 
that were not affected by Phytophthora and reached ripeness. 
Harvested fruits.
In  the  control  and  Dolichoderus treatment  number  of  harvested  fruits  was 
similar, while in Philidris and ant exclusion treatments around 25% fewer fruits 
were harvested (Table.III.A3).
Effects on herbivores reducing bean quality and quantity.
The main cacao pest in South-East Asia is the fruit-boring moth Conopomorpha 
cramerella.  The  larvae  mine  into  the  fruits  and  reduce  bean  numbers  and 
quality of remaining beans (Day 1989). In control and ant exclusion treatments 
the percentage of harvested fruits affected by Conopomorpha was similar (z = 
-1.51, P = 0.13). In trees dominated by Philidris infestation rate was higher than 
in control treatments (z =  4.7,  P < 0.01), whereas in  Dolichoderus dominated 
trees it was reduced (z = -2.95, P < 0.01; Table.III.A4, Fig.III.3). Conopomorpha 
damage rates were negatively correlated with ant community evenness (z = 6.8; 
P < 0.01).
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Sum of all interactions: Ant community effects on marketable yield and 
revenue.
Compared to the control, total marketable yield was 27% lower in ant exclusion 
treatments, which equals a loss of  875 US$ ha-1 y-1 (t = -3.34,  P <0.01) and 
34% (1109 US$ ha-1 y-1 )  lower in  Philidris treatments  (t = -4.21,  P <0.01, 
Fig.III.3,  Table.III.A3).  Yields  in  Dolichoderus and  control  did  not  differ 
significantly (t = -1.27,  P = 0.21). Ecosystem services in terms of marketable 
yield  correlated  positively  with  evenness  of  the  associated  ant  communities 
(Fig.III.4, Table.III.A3, t = 2.7, P = 0.013).
Fig.III.4: Effect of ant community evenness on marketable yield in the three 
treatments with ants of ant fauna manipulation experiment in 15 cacao 
plantations in Central Sulawesi.
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Discussion
The  results  of  this  experimental  study  on  the  role  of  ant  communities  in 
agroecosystems show that ants drive a surprisingly complex network of direct 
and indirect interactions with the crop plant its pests, pollinators and pathogens. 
The size and in some cases even sign of the single effects changed with traits  
of present dominant species and with ant community properties. Prevalence of  
services over disservices and therefore highest marketable yield and revenue 
was achieved in the two most species rich and even ant treatments (Fig.III.4). 
The  naturally  occurring,  non-manipulated  control  ant  communities  provided 
ecosystem  services  of  875 US$  ha-1  y-1  compared  to  the  ant  exclusion 
treatment, where 27% less marketable yield was harvested. In ant communities 
dominated by single ant species the effect strongly depended on the identity of 
the dominant species. We observed (relative to the unmanipulated control) yield 
losses  of  34%  (-1109 US$  ha-1  y-1)  in  presence  of  the  invasive  species 
Philidris, forming ant communities with very low evenness, and no significant 
yield  losses  with  the  native  Dolichoderus,  which  allowed  relatively  high  ant 
community  evenness.  As  discussed  in  the  following, these differences  in 
marketable  yield  can  be  ascribed not  only  to  changes  in  pest  and  disease 
incidence,  but  also  to  more  complex  effects  on  fruit  set,  fruit  abortion  and 
interference among herbivores, which were all directly or indirectly influenced by 
ant community structure (Fig.III.5).
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Ant community characteristics.
The structure, composition and spatial distribution of worker activity of the ant 
communities  is  determined  by  presence  and  identity  of  dominant  ants 
(Hölldobler  &  Wilson  1990).  The  non-invasive  ant  species  Dolichoderus,  is 
relatively  tolerant  towards other  ant  species  (Way & Khoo 1992).  Therefore 
presence  of  Dolichoderus resulted  in  ant  communities  with  relatively  high 
species richness and evenness, which was comparable to our unmanipulated 
control ant communities, but  Dolichoderus  promotes much higher total worker 
abundances.  Dolichoderus  placed its mealybugs, with which it forms a close 
mutualism, in aggregations not only at fruits but also to a high percentage (75%) 
at young shoots and leaves and built nests between leaves in the foliage. Since 
distribution of honeydew sources influences the spatial activity patterns of ants 
Fig.III.5: Overview of ant community effects on pests and diseases affecting 
cacao fruit development and final yield in ant manipulation experiment in cacao 
plantations. Green: Ecosystem service; Red: Ecosystem disservice; Grey: Fruit 
development and fruit or bean losses; (+): positive correlation.
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(Blüthgen et al. 2004),  Dolichoderus workers were active in the whole tree. In 
contrast the invasive dominant ant  Philidris  aggressively displaces most other 
ant species from the trees (Wielgoss et al. 2010). Accordingly the introduction of 
Philidris led to an uneven and species poor ant  community.  Because of the 
mealybug distribution and nesting behaviour the abundant workers were active 
mainly on fruits, stem and big branches, but less in the foliage and at small 
branches of the cacao trees.
Ant community effects on fruit set.
Fruit set of cacao flowers was positively related to the abundance of ants on the 
trees,  being  lowest  in  ant  exclusion  treatments,  intermediate  on  the 
unmanipulated  control  trees  (intermediate  ant  abundances)  and  highest  in 
single  species  dominated  trees  (high  worker  abundances  and  activity, 
Table.III.A4).  A plausible  explanation  is  the  pollinator-disturbance  hypothesis 
(Greenleaf & Kremen 2006; Philpott et al. 2006): In this case nuisance by ants 
may cause pollinators to switch between flowers and trees more frequently and 
thereby enhance pollen transfer, pollen load, and number of pollen donors. In 
self-incompatible plants like cacao this should cause an increased pollination 
success and fruit  set.  Florivory by herbivores  has been observed only  very 
rarely in the field. Direct cacao pollination by ants has been under discussion 
since  beginning  of  the  20th  century  (Glendinning  1972),  but  has  not  been 
convincingly  demonstrated  (Delabie  1990).  Even  though  many  ants  are 
frequently present near the flowers, tending mealybugs at the flower buds, they 
would  have  to  transfer  pollen  to  neighbouring  trees,  which  is  unlikely,  thus 
preventing successful  cross pollination. Hence, we hypothesise that the ants 
indirectly influence fruit set of cacao by affecting pollinator behaviour.
Indirect ant community effects on early fruit abortion.
In  our  experiment  percentage  of  young  fruits  being  aborted  by  the  tree 
increased with amount of mealybug aggregations, damage by the sap sucking 
pest  Helopeltis and  leaf  herbivores  (Table.III.A4).  The  ant  communities  with 
dominant species facilitated much higher numbers of trophobiont aggregations 
than control ant communities (Table:II.A2). Such intensive trophobiont tending 
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by dominant ants may negatively affect crop plant fitness via cryptic herbivory 
(Hunt 2003). In Dolichoderus and Philidris dominated ant communities we found 
lower rates of fruits damaged by Helopeltis (Fig.III.2), which spends most of its 
life-cycle at the fruit surface  (Stonedahl 1991). This can be explained by the 
high worker abundances and increased worker activity on the fruits in these ant 
communities.  Similarly,  the  reduced  leaf  herbivory  in  the  Dolichoderus and 
increased leaf herbivory in the  Philidris treatment (Fig.III.2) is presumably the 
result of differences in spatial activity of the workers, mainly foraging in the tree 
foliage  (Dolichoderus)  or  on  fruits  (Philidris).  These  ant-mediated  effects  of 
herbivory on early cacao fruit abortion resulted in lowest abortion rates of young 
fruits  in  the  unmanipulated  control  communities,  followed  by  Dolichoderus 
dominated  ant  communities,  ant  exclusion  and  Philidris dominated  ant 
communities (Fig.III.2).
Ant community effects on fruit losses due to diseases.
One of the most serious threats to cacao production in South-East Asia is the 
pathogen  Phytophthora palmivora. In  Philidris dominated subplots about 65% 
more fruits were lost due to this plant disease relative to the mean of the other 
subplots  (Fig.III.2).  This  is  likely  due  to  the  species-specific  tent  building 
behaviour  of  Philidris.  This  ant  species  uses  detritus  material  from infected 
rotten  fruits  to  build  nests  and tent  structures  for  protecting  the  trophobiont 
aggregations at healthy cacao fruits (Fig.III.A3).  Dolichoderus builds its nests 
between leaves without the use of detritus. In inoculation tests we showed that 
Philidris ants  and  their  nest  material  are  highly  infested  with  spores  of  P. 
palmivora.  Dolichoderus workers had a certain infection potential,  but it  was 
much lower (Table.III.A5). This suggests that  Philidris is an effective vector of 
the disease, leading to serious yield losses (Fig.III.3). Invertebrate vectors of P. 
palmivora have been observed before  (Evans 2007) and even  Dolichoderus 
was discussed as possible vector of Phytophthora (Khoo & Ho 1992). But here 
we  show  that  the  transmission  efficiency  is  highly  associated  to  specific 
behavioural traits and may differ widely even between related species.
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Ant community effects on pests reducing bean quality and quantity.
Philidris dominated  ant  communities,  with  lower  evenness  and  species 
richness, were associated with high damage by the major cacao pest (Fig.III.2), 
which significantly reduced bean quality and thus quantity of marketable beans 
(Fig.III.3).  Philidris showed little  activity  in  the  foliage where  Conopomorpha 
hides  during  daytime in  the  foliage  underneath  leaves  and  small  branches, 
visiting fruits for oviposition only at night (Day et al. 1995). The specific traits of 
a Dolichoderus dominated ant community (higher worker abundances activity in 
the  foliage,  combined  with  relatively  high  evenness  and  species  richness) 
enable  it  to  suppress  Conopomorpha more  effectively  than  control  ant 
communities (Fig.III.2). There is a plant mediated indirect effect between the 
two common pests (Wielgoss et al. 2012), with the major pest Conopomorpha 
showing a clear oviposition non-preference towards Helopeltis damaged fruits. 
Ant communities particularly efficient in preventing damage by Helopeltis, such 
as those dominated by Philidris or Dolichoderus, can indirectly facilitate damage 
due to the major pest Conopomorpha. Our data confirms this pattern in the case 
of  Philidris, but in ant communities with presence of  Dolichoderus this indirect 
effect appeared to be partly compensated by direct predation and disturbance 
of Conopomorpha.
Dominant  species  traits  and  ant  community  properties  affect  multiple  
crop  plant-antagonist-mutualist  interactions  and  associated  
ecosystem services.
Ants  affect  crop  plant  productivity  via  many  direct  and  indirect  pathways 
including both trophic and non-trophic interactions. A unique advantage of our 
study over previous studies of ant effects on crop plants is the integration of  
multiple  ecosystem services  and  disservices  and  using  marketable  yield  as 
measure for the final effect.  We show that traits of dominant species such as 
high  abundances  and  spatial  activity  patterns  (fruit  versus foliage  oriented 
foraging) can cause uneven and species poor ant communities to protect crop 
plants better against some pests, as predicted by Gove (Gove 2007). But the 
enhanced  pest  suppression  (by  invasive  Philidris  ants)  did  not  result  in 
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increased yield. On the contrary, we show how specific traits of this dominant 
ant species increased ecosystem disservices, such as increased fruit pathogen 
dissemination  and  reduced  leaf  herbivore  and  Conopomorpha suppression, 
which  finally  lead  to  serious  yield  losses. Ant  communities dominated  by 
Dolichoderus still showed high species richness and evenness, possibly due to 
its  relatively  low  aggressiveness  compared  to  Philidris. Although  their  high 
worker density reduced damage by leaf herbivores and the fruit affecting pests 
Conopomorpha  and Helopeltis,  these  services  were  counterbalanced  by 
disservices such as increased herbivory by mealybugs (causing higher abortion 
of young fruits; Fig.III.2) so that  Dolichoderus dominance did not propagate to 
increased  yield  (compared  to  the  control,  Fig.III.3).  This  underlines  the 
importance of accounting for all  these potential interactions before praising a 
single  species  to  be  beneficial  and  a  possible  biocontrol  agent  (e.g.  in 
Dolichoderus sp.,  (Way & Khoo 1992; Ho & Khoo 1997)).  Crop deficits under 
ant exclusion can be ascribed manly to reduced fruit set and indirect enhanced 
young fruit abortion.
High evenness of species-rich predator communities has been assumed to be 
positively  related  to  functional  diversity  and  hence  biological  pest  control 
(Philpott & Armbrecht 2006; Philpott et al. 2008a; Crowder et al. 2010). In our 
experiment  evenness  of  the  ant  communities  was  correlated  positively  with 
amount  of  marketable  yield (Fig.III.4,  Table.III.A3).  It  is  difficult  to  separate 
evenness  effects  from  effects  of  dominant  ant  species  traits  in  our  study, 
because traits of single species like high aggressivity and dominance both lead 
to changes in community properties like low evenness and higher abundances, 
and were correlated with other traits impacting yield. In this particular case high 
evenness  counterbalanced  ecosystem  disservices  associated  with  single 
species.
Our results have implications for agricultural  management. Insecticide use in 
the  tropics,  including  our  study  region,  has  been  increasing  dramatically 
(Wanger et al. 2010). This has no or minimal effect on cacao herbivores (Wood 
et  al.  1992),  but  appears  to  negatively affect  evenness and diversity of  ant 
communities and can favour dominant or invasive species (Peck 1998; Kenne 
et al. 2003). For example in our study area the special nest-building behaviour 
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(Fig.III.A3) makes the invasive ant  Philidris  less vulnerable to insecticide use 
than other ant species, which may have favoured the spread of this detrimental 
species  in  the  recent  past.  We  show  that  such  changes  in  community 
composition can lead to a disruption of the ecosystem service-disservice ratio 
and cause substantial crop losses.
Conclusions
In our study we show that a focus on multiple interactions between ants and the 
agrroecosystem is needed to judge their value in delivering ecosystem services 
and  to  inform  crop  management.  We  recommend  a  more  systematic 
quantification  of  the  relevant  final  ecosystem  services,  such  as  marketable 
yield, in studies of biodiversity and ecosystem functioning, as these integrate 
the effect of all  relevant direct and indirect interactions. Such studies should 
cover  long time  periods because  ecosystem service  effects  associated  with 
traits  of  species  or  community  properties  may accumulate  in  the  long  term 
(Hillebrand & Bennett 2008) and vary with the years or season.
With growing dominance of a single species its individual  traits override the 
effects of the other species in the community. Therefore in our case species rich 
ant communities with a high evenness, diluted possible ecosystem disservices 
of single species and resulted in highest yields. This suggests that  beneficial 
effects of natural enemy evenness on pest control in agroecosystems (Crowder 
et al. 2010) may extend to other intermediate ecosystem services and are finally 
reflected in marketable yield.
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Appendix chapter III
Study area.
All sites were situated in Palolo valley, on the northern border of the Lore Lindu 
National Park, Central Sulawesi, Indonesia. The elevation in this region ranges 
from 400 m to about 1,000 m above sealevel. Natural vegetation is lowland to 
submontane rainforest, although only the latter remains (Whitten  et al. 2002). 
Being close to the equator, the seasonality is not very marked. Annual rainfall is 
around  2,500  mm  (Gutzler  &  Koehler  2010),  with  a  long-term pattern  of  9 
consecutive  rainy  months  and  3  consecutive  drier  months  (Whitten  et  al. 
2002).Cacao  is  the  main  cash  crop  grown  in  the  study area.  Hybridization 
between out-crossing genotypes is common in smallholder cacao, and cacao 
trees in this study, as well as most of the other trees in the area, originate from 
hybrids between Forastero and Trinitario types.
Study plots.
We selected 15 cacao plantations  along a  gradient  from full  sun to  heavily 
shaded with trees of similar age and height. Only plantations without insecticide 
use of at  least one year before the study and with  Philidris cf.  cordata and 
Dolichoderus sp. being absent (obtained by a rapid ant fauna assessment) were 
included.
Ant fauna manipulation treatments.
In  each  plantation  we  placed  a  plot  (50  x  50  m)  containing  four  subplots 
(minimum distance 8 m) with nine  cacao trees each. The plots were managed 
by specially hired and trained local assistants. The brunch connections of test 
trees with trees outside of the subplots were cut regularly. To each subplot one 
of the four ant manipulation treatments was assigned randomly. In one subplot 
per plot the ant fauna remained undisturbed as Control.
Ant exclusion treatment:At the base of trees at a hight of 30cm we fixed a 20cm 
wide cone shaped plastic collar around the stem with rubber band (see 
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Fig.III.A1). Cracks in the bark were stuffed with foamed rubber. The plastic 
collar was covered with a 0.3cm thick layer and 10cm wide layer of “Tree 
Tanglefoot pest barrier” (® Contech Enterprises Inc.; Tanglefoot Company, 
Grand Rapids, MI, USA). The trees were searched for ant nests which were 
removed manually and by local insecticide application. This ant exclusion 
treatment was inspected weekly, glue was renewed and new founded colonies 
were removed whenever necessary.
Dolichoderus cf. thoracicus and Philidris cf. cordata treatment: Artificial nest 
sites (bamboo tubes, 30cm long, 10-18cm diameter, filled with dry coconut 
leaves) were placed in trees of cacao plantations were the P. cf. cordata or 
Dolichoderus cf. thoracicus were highly abundant with large colonies. We chose 
source plantations with a very low incidence rate of the phytopathogen 
Phytophthora palmivora to avoid a later spread with the colony transfer. Two 
times per week approximately 5 cm3 cooked fish was placed near each nest to 
attract ants and accelerate colonization and production of pupae. After 3-6 
weeks, depending the weather conditions, most of the nests were colonized 
with numerous workers, brood, and various queens of the according species. In 
early morning hours when the majority of workers are inside the nest we sealed 
the nests entrances quickly using plastic bags and rubber bands and 
transferred them to the according subplots. Per test 3-5 nests (according to size 
of the tree) were fixed with metal wire in the main ramification of the test trees. 
The time from August 2009 to February 2010 was necessary to install the ant 
treatments and stabilize the populations. During this time we provided weekly 
for each introduced ant colony 5 cm3 cooked fish and 20ml saturated sugar 
solution to avoid migration or death of the colonies. Feeding stopped when we 
began the cacao fruit monitoring in March 2010. In order to give the ants access 
to their natural symbiosis partner we transferred one cacao fruit with an 
aggregation of mealybugs (Hemiptera: Pseudococcidae) to each test tree. We 
placed the fruits with the aggregations in direct contact with cacao fruit of the 
test tree, so the trophobionts could migrate easily. The ant treatment trees were 
checked weekly. If a colony had migrated or died off or was replaced by another 
ant species the establishing process was repeated.
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Yield data collection.
All cacao fruits on the test trees were counted fortnightly from March 2010 to 
July 2011.  The fruits  were  assigned to  size and health  categories (small  or 
cherelles;  medium;  large  unripe;  large  ripe,  i.e.  harvested;  damage  by  H. 
sulawesi;  C.  cramerella;  the  black  pod  disease  caused  by  Phytophthora 
palmivora; rat or squirrel feeding). Fruits infected by P. palmivora were removed 
from the trees after each harvest run, like it is general farmers practice (Akrofi 
et al. 2003). Ripe fruits were harvested and the fresh weight of the beans was 
recorded. The beans were dried in the sun and the dry weight of marketable 
beans  and  of  beans  affected  by  the  cacao  pod  borer  C.  cramerella were 
recorded separately. Mean cacao bean price from April 2010 to April 2011 was 
3.17 US$ (ICCO 2010).
Ant surveys.
We used standardized plates (25 cm diameter), which were equipped with two 
baits of 2cm3 of tuna in oil and two sponges saturated with 70% sugar solution, 
to determine the abundance of ant morphospecies. Per subplot one plate was 
placed in the main ramification of each experimental cacao tree (if  the main 
ramification was too high, it was fixed at breast height on the stem with elastic 
rubber band; approximately 1 of 10 cases) and four were placed on the ground. 
The plates were  observed for  1  h.  Every 15 min,  the  abundance of  all  ant 
species occurring at the baits feeding on fish or sugar was counted separately. 
Of every ant species appearing on the plate 5 to 10 specimens were caught 
with forceps and conserved in 70% ethanol for later identification. This survey 
was  conducted  once  before  (July  2009)  and  tree  times  after  April,  October 
2010, February 2011) the ant fauna manipulations in all  15 cacao plots. We 
identified the samples to morphospecies level.
Environmental Data.
To  quantify  the  canopy  cover  per  plot  we  used  vertical  digital  canopy 
photography with a fisheye lens. Per subplot four pictures were taken above 
and  below  the  cacao  tree  canopy  (5.8m  and  1.2m  respectively  above  the 
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ground). We calculated the mean shade cover per plot above the cacao canopy 
for  each  plot  using  the  software  “CIMES-FISHEYE”  (Walter  2009). We 
measured tree height, stem diameter at breast height, maximal crown diameter 
and  calculated  the  crown  volume.  Per  plot  two  temperature  dataloggers 
(Thermochron  iButton,  Maxim–Dallas  Semiconductor)  were  placed  at  breast 
height in different cacao trees, recording the temperature every 2 h from August 
2009 until May 2011. Cacao tree height, stem diameter at breast height, crown 
volume  and  shade  cover  above  and  under  cacao  canopy  did  not  vary 
significantly between treatments in each plot (see Table.III.A1).
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Phytophthora palmivora inoculation experiment.
Plant  diseases  like  the black  pod  disease  caused  by  P.  palmivora  can  be 
disseminated by arthropods.  Philidris cf. cordata builds detritus nests tents at 
the cacao pods to protect their trophobiont aggregations. To test whether the 
ants we used for the treatments were contaminated with spores of P. palmivora 
we conducted a inoculation experiment.
350 medium sized cacao fruits of a plantation with a minimum of P. palmivora 
incidents  were  harvested.  The  surface  was  desinfected  using  5%  bleach 
solution.  In  small  punched  holes  in  the  fruit  surface  each  50  fruits  were 
inoculated with:
a) ~ 0.5 cm³ dead Philidris ants (Philidris)
b) ~ 0.5 cm³ disinfected dead Philidris ants (Philidris Control)
c) ~ 0.5 cm³ tent material of a Philidris colony (Philidris tent)
d) ~ 0.5 cm³ disinfected tent material of a Philidris colony 
(Philidris tent Control)
e) ~ 0.5 cm³ dead Dolichoderus ants (Dolichoderus)
f) ~ 0.5 cm³ disinfected dead Dolichoderus ants (Dolichoderus Control)
g) without inoculum (Control)
After  the  inoculation  the  wounds  were  sealed with  wax  and the  fruits  were 
stored in a warm and dry place. Eight days after the inoculation the fruits were 
searched for the typical symptoms of a Phytophthora infection and the lesions 
areas were measured. We compared the lesion area sizes of each group with 
the according control and the baseline control. Of each treatment group one 
infected fruit was selected randomly. Pure isolate cultures on PDA medium were 
reared to confirm the identity of P. palmivora microscopically.
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Appendix chapter III Tables.
Table.III.A1: Comparison  of  cacao  tree  parameters  crown  volume,  stem 
diameter, tree height and canopy cover in the different experimental subplots.
Tree 
parameter




Crown volume Control 50.69 4.24 43.34 58.03
Dolichoderus -2.01 4.91 -0.56 0.58 -9.25 5.16
Philidris -0.72 4.92 -0.18 0.86 -7.87 6.54
Ant-exclusion -2.02 4.92 -0.54 0.59 -9.19 5.25
Stem diameter Control 37.95 1.22 35.54 40.35
Dolichoderus 0.91 1.1 0.83 0.41 -1.26 3.08
Philidris 0.37 1.1 0.33 0.74 -1.8 2.54
Ant-exclusion 0.28 1.1 0.26 0.8 -1.89 2.46
Tree height Control 3.99 0.12 3.76 4.22
Dolichoderus -0.05 0.07 -0.71 0.48 -0.19 0.09
Philidris -0.02 0.07 -0.26 0.79 -0.16 0.12
Ant-exclusion 0.03 0.07 0.46 0.65 -0.11 0.18
Canopy cover Control 0.29 0.04 8.29 0.22 0.36
Dolichoderus 0.00 0.03 -0.07 0.95 -0.06 0.06
Philidris -0.04 0.03 -1.32 0.19 -0.10 0.02
Ant-exclusion 0.01 0.03 0.21 0.83 -0.06 0.07
Leaf herbivory Control 5.83 0.33 5.17 6.48
Dolichoderus -1.95 0.47 -4.14 <0.01 -2.88 -1.02
Philidris 0.79 0.47 1.68 0.09 -0.14 1.72
Ant-exclusion 1.81 0.47 3.85 <0.01 0.88 2.74
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Table.III.A2: Effects of ant community manipulations on ant abundances, 
species richness, evenness at baits, total number of trophobiont aggregations, 
number of trophobiont aggregations at leaves and fruits and leaf herbivory per 
subplot in cacao agroforests of Central Sulawesi.
Ant community 
properties




Ant Control 403.82 57.16 290.75 516.89
abundance Dolichoderus 217.73 65.59 3.32 <0.01 87.98 47.48
Philidris 236.6 65.59 3.61 <0.01 106.85 366.35
Ant-exclusion -363.73 65.59 -5.55 <0.01 -493.48 -233.98
Ant species Control 4.29 0.28 3.74 4.84
richness Dolichoderus -0.2 0.37 -0.55 0.59 -0.91 0.51
Philidris -1.31 0.37 -3.59 <0.01 -2.03 -0.6
Ant-exclusion -1.51 0.37 -4.14 <0.01 -2.23 -0.8
Piélou's Control 0.48 0.05 0.39 0.58
evenness Dolichoderus -0.03 0.07 -0.47 0.64 -0.16 0.10
Philidris -0.34 0.07 -5.08 <0.01 -0.48 -0.21
Ant-exclusion -0.01 0.07 -0.18 0.85 -0.15 0.13
log(Total Control 4.01 0.20 3.60 4.42
mealybug Dolichoderus 1.56 0.27 5.80 <0.01 1.02 2.11
aggregations) Philidris 1.47 0.27 5.46 <0.01 0.93 2.01
Ant-exclusion -0.82 0.27 -3.03 <0.01 -1.37 -0.27
Percentage Control 0.51 0.06 0.05 0.81
Mealybug Dolichoderus 0.20 0.09 2.28 0.03 0.25 0.82
aggregations 
at
Philidris -0.23 0.09 -2.67 0.01 0.05 0.38
leaves+shoots Ant-exclusion -0.10 0.09 -1.18 0.25 0.26 0.51
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Table.III.A3: Effects of ant community manipulations on number of flowers, total 
fruits, fruits after early fruit abortion and harvested fruits and dry and marketable 
yield.
Class Treatment Estimate SE t P Lower CI Upper CI
Flowers Control 25310.67 5546.69 14117 36504
Dolichoderus -7292.00 5546.69 -1.34 0.19 -18288 3704
Philidris 5317.67 5546.69 0.98 0.50 -7400 14691
Ant-exclusion 3695.87 5546.69 0.68 0.33 -5678 16313
Total fruits Control 621.80 47.32 526.30 717.30
Dolichoderus -36.47 49.24 -0.74 0.46 -135.84 62.90
Philidris 51.67 49.24 1.05 0.30 -47.70 151.04
Ant-exclusion -113.67 49.24 -2.31 0.03 -213.04 -14.30
Fruits after Control 382.33 29.05 323.70 440.96
early fruit Dolichoderus -29.87 28.94 -1.03 0.31 -88.27 28.54
abortion Philidris -47.93 28.94 -1.66 0.11 -106.34 10.47
Ant-exclusion -97.87 28.94 -3.38 0.00 -156.27 -39.46
Harvested Control 298.20 28.37 240.94 355.46
fruits Dolichoderus -19.60 26.50 -0.73 0.46 -73.09 33.89
Philidris -78.73 26.50 -2.93 <0.01 -131.22 -24.25
Ant-exclusion -77.73 26.50 -2.97 <0.01 -132.22 -25.25
Dry Control 8741.93 865.18 6996 101487
yield Dolichoderus -984.53 675.79 -1.02 0.31 -2348 379.27
Philidris -2840.13 675.79 -4.20 <0.01 -4204 -1476
Ant-exclusion -2388.13 675.79 -3.53 <0.01 -3752 -1024
Marketable Control 7782.33 826.62 6144 9451
Yield Dolichoderus -799.33 628.00 -1.27 0.21 -2067 468.03
Philidris -2646.93 628.00 -4.21 <0.01 -3914 -1380
Ant-exclusion -2102.07 628.00 -3.35 <0.01 -3369 -834.71
Marketable Estimate 5155.64 1018.46 1991 4685.58
yield Evenness 4130.36 1557.03 2.65 0.01
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Table.III.A4: Effects of ant community manipulations on cacao fruit set, abortion 
of young fruits, proportion of fruit damage by the phytopathogen Phytophthora 
palmivora and the pests Helopeltis sulawesi and Conopomorpha cramerella.
Class Factor Estimate SE z Pr(>|z|)
Fruit set Control -2.40 0.16
Dolichoderus 0.45 0.01 46.51 <0.01
Philidris -0.26 0.01 29.03 <0.01
Ant-exclusion 0.27 0.01 -26.09 <0.01
Fruit set Intercept -3.22 0.20
Ant abundance 0.14 0.01 26.10 <0.01
Fruit abortion Control -0.48 0.08 -5.89
Dolichoderus 0.07 0.03 2.17 0.03
Philidris 0.49 0.03 16.62 <0.01
Ant-exclusion 0.23 0.03 7.20 <0.01
Fruit abortion Intercept -1.05 0.15
% Helopeltis damage 1.11 0.26 4.30 <0.01
 % leaf loss 0.052 0.009 5.82 <0.01
log (mealybugs) 0.076 0.02 -4.48 <0.01
Phytophthora Control -1.36 0.16
palmivora Dolichoderus -0.03 0.05 -0.64 0.52
Philidris 0.71 0.05 12.52 <0.01
Ant-exclusion 0.11 0.05 2.11 0.03
Helopeltis Control -2.24 0.35
sulawesi Dolichoderus -1.19 0.08 -15.35 <0.01
Philidris -0.57 0.07 -7.71 <0.01
Ant-exclusion -0.02 0.07 -0.22 0.83
Conopomorpha Control 1.34 0.2
cramerella Dolichoderus 0.15 0.05 -2.95 <0.01
Philidris 0.27 0.06 4.7 <0.01
Ant-exclusion -0.08 0.05 -1.51 0.13
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Table.III.A5: Results of inoculation experiment: Welch two sample t-test 
comparison of Phytophthora palmivora lesion area sizes of cacao fruits (N = 50 
per treatment) inoculated with dead Philidris workers, Philidris tent material, 
Dolichoderus workers and the according desinfected control and not inoculated 
control fruits.
Group1 Group 2 t Df P
Mean 





group  2 
[cm³]
Philidris Philidris Control 3.63 56 < 0.01 182.8 39.47
Philidris Control 4.78 49 < 0.01 182.8 0
Philidris tent Philidris tent Control 6.18 71 < 0.01 100.91 11.16
Philidris tent Control 7.72 49 < 0.01 100.91 0
Dolichoderus Dolichoderus Control 5.67 52 < 0.01 54.47 15.84
Dolichoderus Control 8.11 49 < 0.01 54.47 0
Dolichoderus Philidris -3.3 52 < 0.01 54.47 182.8
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Appendix chapter III Figures.
Fig.III.A1: Ant exclusion method using a plastic collar and insect glue barrier 
(Foto: A. Wielgoss).
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Fig.III.A2: Effect of mean ant abundance on cacao trees on early fruit abortion 
(cross= unmanipulated control; square = dominance of native Dolichoderus ant; 
circle = dominance of invasive Philidris ant, triangle = ant exclusion).
Fig.III.A3: Tent structure build by Philidris cf. cordata at a cacao fruit. Tent 
material is infected with spores of Phytophthora palmivora (Foto: A. Wielgoss). 
Indirect interaction between cacao pests.
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IV A minor pest reduces yield losses by a major 
pest: plant-mediated herbivore interactions in 
Indonesian cacao
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Summary
a) Herbivores  inducing  host  plant  trait  changes  can  indirectly  affect  the 
performance, distribution, abundance and behaviour of other herbivores, even 
when they are temporally or spatially separated. However, it is unclear whether 
this  occurs  at  scales  relevant  for  applied  purposes  such  as  pest  control  in 
agricultural crops.
b) We studied the indirect effects of a minor pest,  the mirid bug Helopeltis 
sulawesi  (hereafter called  Helopeltis), on the major pest of cacao  Theobroma 
cacao in  Southeast  Asia,  the  pod-boring  moth  Conopomorpha  cramerella 
(hereafter called Conopomorpha). For 2 years we surveyed herbivore damage 
and  yield  in  ten  focal  trees  in  each  of  43  cacao  plantations  and  analyzed 
patterns of co-occurrence of the two herbivores. In a two-choice experiment we 
tested whether gravid females of Conopomorpha searching for oviposition sites 
discriminate against pods damaged by Helopeltis. 
c) The proportion of pods affected by both pest species was significantly lower 
than expected. This pattern could not be ascribed to differential responses to 
environmental  or  management  variables,  but  was  due  to  avoidance  of 
Helopeltis damage by ovipositing  Conopomorpha  females as shown in a two-
choice  experiment.  The  reduction  in  co-occurrence  of  damage  by  the  two 
herbivores  was  found  at  tree  and  at  plot  scale,  and  held  across  3  harvest 
seasons.
d) The differential yield impacts by the two herbivores and the avoidance by 
Conopomorpha of pods damaged by  Helopeltis lead to a yield optimum at a 
Helopeltis incidence of 51%.
e) Synthesis  and  application.  Plant-mediated  indirect  interactions  between 
minor  and  major  pest  insects  can  be  important  drivers  of  yield  loss  at 
agriculturally-relevant  spatial  and  temporal  scales.  In  cacao,  the  mirid  bug 
Helopeltis, a minor pest, generates conspicuous damage which often triggers 
pest control with insecticides. This practice may be counterproductive, because 
decreasing  Helopeltis  damage benefits  the  main  pest,  the  cacao pod borer 
Conopomorpha resulting  in  a  marketable  yield  optimum  at  intermediate 
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densities  of  the  minor  pest.  Pest  control  recommendations should  take  into 
account  the  relative  effect  of  control  measures  on  interacting  herbivores  to 
avoid replacing one pest problem with another, potentially more serious one, 
during the course of a fruiting season.
Introduction
Indirect interactions between herbivores mediated by herbivore-induced plant 
trait changes can be more frequent and have a larger impact on biodiversity and 
community  structure  than  direct  competition  between  herbivores  (Ohgushi 
2005; Anderson et al. 2009). Plants respond to herbivore damage by changes in 
allelochemistry,  cell  structure and growth, physiology,  morphology,  phenology 
(Karban & Baldwin 1997; Denno & Kaplan 2007) or nutritional content (Denno 
et al. 2000; Sandström et al. 2000).  These herbivore-induced plant responses 
may not only have multiple indirect effects on the performance and abundance 
of other herbivores (Van Zandt & Agrawal 2004; Poveda et al. 2005), but also 
influence their behaviour and spatial distribution (Van Dam et al. 2000). Plant-
mediated  indirect  interactions  may  involve  herbivores  which  are  separated 
spatially (Bezemer  et  al.  2003),  temporally  (Johnson  et  al.  2002) and/or 
taxonomically (Bailey & Whitham 2006).
The applied relevance of plant-mediated interactions in terms of yield losses to 
invertebrate pests in agricultural  crops is largely unknown. This is surprising 
given the large potential for such interactions, with most crops being affected by 
a sequence of different herbivore species with contrasting ecologies and host-
plant effects. The quantitative importance of effects depends on the spatial and 
temporal scales at which these effects play out. While quantitative and long-
term studies on plant-mediated interactions have often been called for  (Bolker 
et  al.  2003;  Werner  &  Peacor  2003),  few  have  gone  beyond  qualitative 
snapshot studies (Hougen-Eitzman & Karban 1995; Utsumi et al. 2010).
Here,  we  investigate  the  potential  of  plant-mediated  indirect  interactions 
between  insect  herbivore  species  to  affect  yield  losses  in  cacao.  Cacao 
Theobroma cacao  L. is one of the most important cash crops worldwide, but 
also  a  species  severely  affected  by  pests  and  diseases.  These  have  been 
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estimated to be responsible for up to 30% losses in global production  (Ploetz 
2007), and can play a major role in cacao boom and bust cycles (Clough et al. 
2009). The cocoa pod borer  Conopomorpha cramerella  Snellen (Lepidoptera: 
Gracillariidae) is the major cacao pest in Southeast Asia, causing crop losses 
up  to  50%  (Day  1989).  The  larvae  mine  into  medium sized  pods,  causing 
quantitative and qualitative effects on the yield, and impede the separation of 
husk  and  pod  contents  (Fig.IV.1c).  The  mirid  parasite  Helopeltis sulawesi 
Stonedahl (Hemiptera: Miridae) feeds on pods of all ages and young shoots of 
cacao (Giesberger 1983). The surface of damaged pods is covered with scars 
and a thick sclerotic layer and this may promote the abscission of young fruits 
(cherelles)  (Muhamad & Way 1995,  Fig.IV.1b).  In  Southeast  Asia  Helopeltis 
spp. are considered as serious pests by farmers and agriculturalists (Muhamad 
& Way 1995, personal observation A Wielgoss, Y. Clough). As such, Helopeltis  
spp.  are  often  used as  a  trigger  for  insecticide  application,  especially since 
imagos and early stages of the main pest Conopomorpha are difficult to detect. 
Helopeltis sulawesi and  Conopomorpha may co-occur in the same pod at the 
same time but Helopeltis often  damages the  pod  surface  from the  cherelle 
stage onwards, i.e. 3 months before the preferred time-window for oviposition 
by Conopomorpha.
Fig.IV.1: Cacao pods: a) healthy b) epidermis with scars due to Helopeltis 
feeding c) bisected pod with feeding damage by Conopomorpha larvae
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We hypothesized  that  the  biology  and  the  sequence  of  attack  by  the  two 
herbivore species can lead to indirect interactions between them. Sap-feeding 
by  Helopeltis spp.  induces  changes  in  the  pod  texture  early  in  the  pod 
development,  before  the  stage  preferred  by  Conopomorpha for  oviposition, 
which suggests a potential for asymmetric effects of the mirid on the pod borer. 
We conducted a large-scale, 2-year study in 43 smallholder cacao plots on the 
island of Sulawesi, the main cacao-producing region in Indonesia. We expected 
that  the  damage  by  the  local  mirid  species,  Helopeltis, will  be  negatively 
associated  with  subsequent  damage  by  Conopomorpha.  In  a  two-choice 
experiment  we tested whether  Conopomorpha females discriminate between 
healthy pods and pods damaged by Helopeltis. The results are quantified both 
in terms of herbivore response, potential environmental response and in terms 
of the impact on cacao yield.
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Materials and methods
Study area and study sites.
The study was conducted in Palolo and Kulawi valleys at the margin of the Lore 
Lindu National  Park, Central  Sulawesi,  Indonesia. The elevation of  the plots 
ranged from 400 m to about 1000 m above sea level. 
We chose 43 cacao plantations, 21 in Palolo, 22 in Kulawi (see Clough et al. 
2011 for  details),  which  had  seen  little  or  no  insecticide  applications  in  the 
previous  years,  based  on  the  information  given  by  the  farmers.  In  each 
plantation we established a plot of 40 x 40 m, which was managed by local 
assistants from November 2006 to August 2008. Half of the plots were assigned 
randomly to frequent manual weeding regime (every 2 months), the other half of 
the  plots  to  infrequent  manual  weeding  (every  6  months).  Each  plot  was 
separated into two 20 x 40 m subplots and one half was fertilised twice a year 
with urea fertiliser (46% N). Fertiliser was applied twice a year from December 
2006 to June 2008 at a rate of 217 g urea (100g N) per tree with aliquots placed 
into ten concentric holes around each tree, which were subsequently covered 
with soil.
Five focal trees were selected in each of two 20 x 40 m subplots, i.e. ten trees 
per  plot,  to  be  used  for  more  detailed  phenological  and  pest  and  disease 
surveys  (see  below).  Trees  were  selected  randomly,  with  apparently  non-
productive or damaged trees discarded until we obtained five trees per subplot.
The  temperature  was  recorded  hourly  using  Dallas  Thermochron  ibuttons® 
(DS1921G, Maxim/Dallas Semiconductor, Sunnyvale, CA, USA), and the age of 
the trees was obtained from the farmers.
Study organisms.
Conopomorpha cramerella: Female cocoa pod borer oviposit eggs (orange, flat 
and oval  in  shape,  ~0.5  mm length)  on  the  cacao pod surface  (Day 1985; 
Keane & Putter 1992). The preferred age of pods at time of oviposition is 3 
months (Day 1989). Upon hatching the first instar larvae (~1 mm length) tunnel 
through the floor of the egg shell and through the epidermis until the sclerotic 
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layer of the husk, where they seek a weak or thin point to penetrate it.  The 
young larvae feed on the placenta until fully grown (12 mm length, 14-18 days,  
with 4-6 instars). Pods attacked by cocoa pod borer larvae often ripe immaturely 
and  show  uneven  yellowing.  An  infestation  often  results  in  beans  being 
malformed,  undersized,  clumped  at  the  pod  husk  and  significantly  reduces 
quality and quantity of the harvest (Fig.IV.1c). The mature larvae tunnel out of  
the pod and descend to the ground for pupation.
Helopeltis sulawesi:  The eggs of  Helopeltis spp. are white, elongated (1.0-1.2 
mm  in  length)  and  apically  compressed  (Ambika  &  Abraham  1979).  Two 
unequal respiratory filaments arise from the anterior end of the egg, the longer 
being 0.4-0.5 mm long. On cacao Helopeltis spp. prefer to lay the eggs on the 
pods, but occasionally oviposit on young shoots. The incubation period of the 
egg varies with locality and season, but it is generally in the range of 6-11 days, 
although longer durations are observed occasionally.  Helopeltis sulawesi has 
five larval instars which vary in size, color and development of body parts such 
as antennae and wings (Stonedahl 1991). Data for adult longevity and fecundity 
of Helopeltis are not available. For the closely related H. theivora a mean adult 
longevity of 30 days has been measured (Tan 1974a). On cocoa Helopeltis spp. 
feed on young shoots, flowers and developing pods (Muhamad & Way 1995). 
Feeding damage on pods appears as dark, circular lesions hardening as scars 
on the husk (Fig.IV.1b). Heavy infestations can result in pod malformation and 
premature drop. Tan (1974b) reported that pod abscission of young cherelles is 
mostly restricted to pods smaller than 5 cm and that larger pods have a reduced 
dry bean weight. Quantification of total yield losses due to  Helopeltis spp. is 
difficult, because Helopeltis-induced abscission of young cherelles is masked by 
natural abscission and the reduction of bean weights is highly dependent on the 
pod age at time of attack (Muhamad & Way 1995).
Co-occurrence study.
Data collection:  All cacao pods on the test trees were counted fortnightly from 
November 2006 to October 2008. The pods were assigned to size and health 
categories (small or cherelles; medium; large unripe; large ripe, i.e. harvested; 
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damage  by  Helopeltis  or  Conopomorpha or  both;  infected  by  Phytophthora 
palmivora  (black pod disease); rodent feeding). Pods infected by P. palmivora 
and pods damaged by rat or squirrel feeding are of no value for harvest, and, as 
is the usual farmer’s practice,  were removed from the trees. Ripe pods were 
harvested and the fresh weight  of  the beans was recorded.  To quantify the 
canopy  cover  per  plot  we  used  vertical  digital  canopy  photography  with  a 
fisheye lens. For each test tree one picture was taken above the cacao tree 
canopy (5.8 m above the ground). We calculated the mean shade cover per plot  
above the cacao canopy for each plot using the software “Winscanopy” (Regent 
Instruments Inc.; www.http://regent.qc.ca/)
Environmental  correlates  of  herbivore  incidence:  To  investigate  whether 
patterns  of  co-occurrence  of  Conopomorpha and  Helopeltis  are  due  to 
environmental  parameters, we fitted a multi-level  model  for  each of  the two 
herbivores,  using  a  Bayesian  hierarchical  framework  to  accommodate  the 
aggregation of pod counts at tree, subplot and plot level, as well as the temporal 
structure given by the three main harvests  (Gelman & Hill 2007). The model 
was  fitted  in  WinBUGS  (Lunn  et  al.  2000) using  Markov-chain-Monte-Carlo 
sampling (3 chains, 50000 iterations, first 2500 discarded, thinning rate: 75. We 
tested  for  effects  of  the  parameters:  altitude  above  sea  level  (continues  in 
thousand metres, centred around the mean), weeding frequency of the plot (0 = 
every 6 months; 1 = every 3 months), shade cover above the cacao canopy per 
tree (proportion 0 to 1; centred around the mean), and fertiliser treatment of the 
subplot (0 = unfertilised; 1 = fertilised).
Randomization tests: Co-occurrence of Helopeltis damage and Conopomorpha  
infection: To test for a possible effect of Helopeltis damage on the probability of 
successful Conopomorpha attack, we calculated the sum of all harvested pods 
per harvesting season per tree according to their pest incidence classification. 
Trees  with  no  harvested  pods  in  the  categories  “healthy”,  “damaged  by 
Helopeltis” or “infected with Conopomorpha larvae” were discarded to be certain 
that Conopomorpha females were present and had a choice between pods with 
and  without  Helopeltis  damage  within  each  tested  tree.  We  calculated  the 
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observed ratios of pods on which both Conopomorpha and Helopeltis damage 
was recorded divided by the total sum of pods with  Conopomorpha  infection. 
We then simulated the outcomes expected if Conopomorpha chooses the pods 
at random and repeated this 1000 times for each tree. After that we compared 
the  randomized simulated ratios  with  the  observed ratios  for  each tree  and 
checked for significant differences. We combined the multiple  P-values using 
Fisher’s method,  which makes it  possible  to  combine the results  of  multiple 
independent tests bearing upon the same overall  hypothesis in a single test 
statistic (Borenstein et al. 2009). Because we consider it likely that oviposition 
site choice by Conopomorpha females depends on the density of conspecifics 
and  Conopomorpha incidence  differed  between  seasons  (see  Results),  we 
conducted this analysis separately for each harvesting period.
To test whether the patterns within trees hold at the plot scale, which is most 
relevant for the farmers, we repeated this simulation at the plot scale, using the 
data aggregated by plot and harvesting season.
Oviposition experiment.
Cocoa  pod  borer  rearing:  To  rear 
Conopomorpha we harvested medium 
sized cacao pods from plantations with 
high incidence rates. We picked pods 
that  showed the typical  symptoms of 
uneven,  premature  ripening  of  a 
Conopomorpha infection.  Each  pod 
was covered with a cacao leaf and the 
pods stacked in a shed to protect them 
from  rain.  Each  morning  the  cacao 
leaves  were  searched  for  cocoons 
with  pupating  larvae.  The  cocoons 
were  transferred  separately  in  small 
plastic  boxes  closed  with  fine  mesh, 
where  they  remained  until  they 
reached the imago state. We identified 
Fig.IV.2: Oviposition experiment box 
with one healthy cacao pod and one 
with scars of Helopeltis-incidence.
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the  sex  of  the  adults  by  distinguishing  morphology  of  the  tip  of  abdomen 
(Posada et al. 2011) (see Fig.IV.A1).
Oviposition choice test:  In order to test whether Conopomorpha females show 
preferences between healthy and  Helopeltis-damaged pods we conducted an 
oviposition  choice  test.  We  harvested  medium-sized  cacao  pods  from  a 
plantation with low Conopomorpha incidence. Half of the pods showed serious 
incidence  of  Helopeltis damage  incidence  while  the  others  were  healthy. 
Conopomorpha cramerella eggs were removed carefully from the pod surface 
using water and a brush. In each experimental box ( 50 x 50 x 40 cm, mesh-
covered;  Fig.IV.2)  we  hung  one  healthy  pod  and  one  pod  with Helopeltis 
damage. The side on which the healthy and affected pods were placed was 
randomized to avoid bias affecting the results.  In each box we inserted one 
male and one female Conopomorpha (imago 2 days after emerging, reared in 
laboratory,  see  above).  The  boxes  were  stored  in  a  dry,  ant  free  place  at 
outdoor temperatures. After 5 days and nights we opened the boxes, checked if 
the imagos had survived until end of the test and searched the pod’s surfaces 
for eggs using a binocular microscope. We repeated this two-choice oviposition 
test 75 times in total, with different Conopomorpha individuals and cacao pods 
at each trial. To test for differences between the number of eggs on healthy and 
Helopeltis-affected pods we conducted a paired Wilcoxon signed rank test with 
continuity correction.
Effects on yield.
We fitted a joint multi-level model for pods affected with  Conopomorpha  only 
and those attacked  by  both  Conopomorpha  and  Helopeltis  using  the  total 
number of harvested pods and the proportion of harvested pods affected only 
by Helopeltis as explanatory variables. The model was fitted in WinBUGS (Lunn 
et  al.  2000) using  Markov-chain-Monte-Carlo  sampling  (3  chains,  10000 
iterations,  first  5000  discarded,  thinning  rate:  15).  Based  on  the  posterior  
distribution  of  the  fixed  effects  we  calculated  (for  a  tree  in  an  unfertilised, 
infrequently weeded subplot) the expected pod weights. In this study the dry 
weight of marketable beans per test tree was not measured because of the 
small quantities of beans per tree and harvest run. Instead we used observed 
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dry bean data of a follow-up study in the same research area conducted by the 
first author (15 plots each with 26 trees, biweekly data collection with the same 
method from April 2010 until July 2011). The expected contribution to yield by 
individual pods in the different categories (undamaged, damaged by Helopeltis, 
damaged by  Conopomorpha, damaged by both pests) was estimated using a 
generalized linear model with the total marketable yield as a response and the 
counts  in  each  harvested  pod  category  as  explanatory  variables,  with  the 
intercept removed.
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Results
Harvests.
We  could  distinguish  three  main  harvesting  periods  (Season  A:  February-
August  2007,  B:  September  2007  -  March  2008,  C:  April-October  2008; 
Fig.IV.3).
There  were  no  significant  seasonal  differences  in  the  percentage  of  pods 
affected  by  Helopeltis (Mean  Season  A:  35.50%,  B:  34.75%,  C:  41.98%; 
Fig.IV.4a).  The  percentage  of  harvested  pods  damaged  by  Conopomorpha 
differed significantly between the three harvesting periods (Mean: Season A: 
54.93%, B: 73.20%, C: 72.40%; Fig.IV.4b).
Fig.IV.3: Harvested cocoa pods (sum of 43 study plots) from February 2007 
until October 2008 with the pods damaged only by Conopomorpha cramerella 
or Helopeltis sulawesi or affected by both pests, separated by harvesting 
seasons.
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Co-occurence study.
Environmental correlates of herbivore damage: The multi-level model predicting 
Helopeltis damage suggests that altitude, weeding frequency of the plot and 
shade cover above the cacao canopy per tree did not have significant influence. 
The  probability  of  Helopeltis incidence  was  significantly  larger  in  trees  with 
fertiliser  treatment  (Table.IV.1).  None  of  the  other  tested  environmental 
parameters had a significant effect on the probability of Conopomorpha damage 
(Table.IV.1).
Fig.IV.4: Percentage of harvested pods in a plot (N=43) from three harvesting 
seasons: a) with Helopeltis sulawesi incidence. b) infected with Conopomorpha 
cramerella.
58 Indirect interaction between cacao pests
Table.IV.1: Summaries of the 1002 samples from the posterior distribution for 
each of  the  parameters  of  the  multi-level  models  fitted  using  WinBUGS for 
damage by Helopeltis sulawesi or Conopomorpha cramerella (2.5% - 97.5% = 
95% credible interval; α0 = global intercept; significant fixed effects in bold).
Helopeltis damage Conopomorpha damage
mean sd 2.50% 97.5% mean sd 2.50% 97.50%
α0 -0.02 2.6 -1.8 2.7 0.9 4.4 -3.9 7.1
βfertilised 0.3 0.1 0.1 0.5 0.1 0.1 -0.2 0.4
βaltitude 1.6 1 -0.4 3.4 -1.1 2.3 -5.2 3.7
βshade 0 0.8 -1.5 1.6 0.3 1.2 -2 2.7
βweeding 0.1 0.2 -0.4 0.6 -0.2 0.5 -1.1 0.6
σ2subplot 0.1 0 0.1 0.2 0.1 0.1 0 0.3
σ2plot 0.5 0.2 0.3 0.9 0.5 0.4 0.1 1.4
σ2seasons 18.2 180.5 0.1 59.1 59.2 376.9 0.2 25.1
Co-occurrence of Helopeltis and Conopomorpha damage: 
At the tree level,  the observed ratio of 
number  of  pods  attacked  by  both 
herbivores to the total  number of  pods 
attacked  by  Conopomorpha  (median  = 
0.33, 1st and 3rd quantiles = 0, 0.67) was 
significantly lower than would have been 
expected if  Conopomorpha females did 
not discriminate against damage caused 
by Helopeltis (i.e. 0.5). This was true for 
all seasons (Season A:  P < 0.001, df = 
710, Fishers-Χ²: 3693.16; Season B: P < 
0.0001,  df  =  214,  Fishers-Χ²:  643.21; 
Season  C:  P  <  0.0001,  df  =  346, 
Fishers-Χ²: 1254.61).
The  same  results  were  found  at  plot 
level: for all seasons the observed ratio 
of  number  of  pods  attacked  by  both 
Fig.IV.5: Posterior predictive 
values for the percentage of cacao 
pods damaged by Conopomorpha 
cramerella given the percentage of 
pods damaged by Helopeltis 
sulawesi (black) and 95% credible 
interval (grey).
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herbivores to the total number of pods attacked by Conopomorpha (median = 
0.18, 1st and 3rd quantiles = 0.10, 0.48)  was significantly lower than expected 
based  on  the  assumption  of  non-discrimination  by  Conopomorpha females 
(Season A: P<0.001, Df = 88, Fishers-Χ²: 438.30; Season B: P < 0.00002, df = 
79, Fishers-Χ²: 129.77; Season C: P < 0.0003, df = 86, Fishers-Χ²: 140.17). In 
Fig.IV.5  we  show  the  observed  relationship  between  percentage  of  pods 
affected by Helopeltis and Conopomorpha.
Oviposition experiment.
In total we bred 402 imagos of  Conopomorpha. We identified 208 males and 
194 females (sex ratio did not differ from 1:1; df = 401, P = 0.486). Time from 
pupation to hatching was 8.96 ± 0.74 days (mean ± SD, N = 402). The longevity 
of adults in the laboratory was 4.46 ± 1.35 days. In 37 of the 75 oviposition 
choice tests there was no successful oviposition. In these cases the male or 
female pod borer did not survive until the end of the test. In the 38 successful  
tests Conopomorpha significantly preferred healthy pods instead of Helopeltis-
affected pods for oviposition (paired Wilcoxon signed rank test with continuity 
correction:  P < 0.0001; df = 27). On cacao pods damaged by  Helopeltis  we 
found a mean of 3.97 Conopomorpha eggs (SD: ± 6.2; max: 24, Total eggs on 
38 pods : 151; Number of pods with no eggs: 13), on healthy cacao pods a 
mean  of  13.66  Conopomorpha eggs  (SD:  ±  26.14;  max:  152,  Total:  519; 
Number of pods with no eggs: 0).
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Effects on yield.
According  to  our  generalized linear 
model  predicting  yield  weights  per 
pod,  pods  damaged  by  Helopeltis  
contained  a  similar  mass  of 
marketable beans (32.3 g ± 10.4 g; 
mean ± SE) as healthy pods (mean: 
32.5  g  ±  6.9  g).  The  weight  of 
marketable  beans  in  pods  infected 
by Conopomorpha was 33.8% lower 
(mean:  21.5  g  ±  3.7  g)  than  in 
healthy  pods  and  the  outcome  per 
pod  was  reduced  by  56%  (mean: 
14.0 g ± 5.8 g) if a pod was infected 
by both pests.
In  Fig.IV.6  we  show  the  predicted 
weight  of  healthy  dry  beans  per 
cacao  pod  as  a  function  of 
percentage  of  pods  with  Helopeltis 
damage in presence and absence of 
Conopomorpha.  In  the  absence  of 
Conopomorpha  the mean weight of 
marketable beans per pod maintains the same level, i.e. around a mean of 32 g 
per fruit. When Conopomorpha is present, our model predicts a maximum mean 
weight of dry marketable beans per pod when 51% of cacao pods are affected 
by  Helopeltis  (24.8 g;  9.6% more than at  0% Helopeltis  incidence;  with  0% 
Helopeltis-affected pods: 22.4 g; 33%: 24.5 g; 66%: 24.6 g ; 100%: 22.1 g).
Fig.IV.6: Predicted mean weight of 
marketable dry beans per cocoa pod 
[g] as a function of percentage of 
Helopeltis sulawesi-affected pods 
modelled for plots with mean 
observed Conopomorpha incidence 
and Helopeltis-Conopomorpha-
interaction (black) and 95% credible 
interval (grey).
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Discussion
Top-down and/or bottom-up control  are commonly used to  explain  herbivore 
population dynamics, while indirect herbivore-herbivore interactions, which may 
lead  to  complex  ecological  consequences  for  arthropod  community 
compositions, still only get minor attention. We reveal a plant-mediated indirect 
negative  interaction  between  two  important,  taxonomically  separated  cacao 
pests in South-East Asia, the mirid bug Helopeltis sulawesi and the cocoa pod 
borer Conopomorpha cramerella.
Plant mediated interactions between the two herbivores.
In our field observations the percentage of cacao pods damaged by both pests  
was lower than expected based on the expectation of  non-discrimination by 
Conopomorpha females  between  pods  affected  by  the  mirid  Helopeltis  and 
healthy pods. These results were mirrored in two-choice oviposition tests,  in 
which  Conopomorpha showed  a  clear  discrimination  against  cacao  pods 
affected by  Helopeltis.  Determining the physiological mechanisms behind the 
avoidance behaviour was beyond the scope of this study. However, due to the 
feeding  scars  which  are  inflicted  from the  early  stage  of  pod  development, 
Helopeltis affected cacao pods have a harder and thicker sclerotic layer than 
healthy pods (Stonedahl 1991; Muhamad & Way 1995, Fig.IV.1c). It has been 
reported previously that Lepidoptera are able to detect physical surface traits of 
host plants and choose the preferred morphological phenotype for oviposition 
(Thompson & Pellmyr 1991) and that plant surface texture appears to be more 
critical  for moths than for butterflies in the evaluation of potential  oviposition 
sites (Renwick & Chew 1994). It has been shown that the physical properties of 
the  sclerotic  layer  of  the  pods  are  associated  with  larval  mortality  and 
performance  of  Conopomorpha (Azhar  &  Long  1996),  so  the  oviposition 
discrimination of pods with traits associated with Helopeltis damage appears to 
be  adaptive.  There  are  few  other  examples  of  indirect  plant-mediated 
interactions  via  altered  oviposition  choice  behaviour  (Kruess  2002;  Wise  & 
Weinberg 2002; Poelman et al. 2008). We cannot eliminate the possibility of a 
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reversed indirect effect of a  Conopomorpha infection on feeding or oviposition 
preferences of  Helopeltis.  We expect the size of such an effect on oviposition 
behaviour to be rather small, because the dispersing abilities of  Helopeltis are 
weak (the first larval instars are wingless and the adults are poor flyers) and 
alternatively  lays  eggs  on  shoots  of  cocoa,  if  no  suitable  pod  is  found 
(Stonedahl  1991).  Since Helopeltis  feeding only has a direct  effect on bean 
quantity or quality when it affects very young pods (cherelles, Muhamad & Way 
1995), it is likely that a possible indirect interaction of a Conopomorpha infection 
on feeding preference would not be economically relevant.
Consistency across spatial scales and seasons.
Local  patterns  need not  translate  to  larger  scales,  i.e.  local  host-plant  level 
avoidance by a pest species could be assumed to cause increased incidences 
on  neighbouring  host  plants.  However,  our  results  not  only  confirm  plant-
mediated indirect interactions between Helopeltis and Conopomorpha on single 
fruits or trees, but also show that Helopeltis negatively affects the incidence of 
Conopomorpha  at the scale of a plot (40 x 40 m). The size of the plot was 
chosen  to  mirror  the  smallholder  management  unit  as  commonly  found  in 
Central  Sulawesi,  suggesting  our  results  are  relevant  to  the  scale  at  which 
management decisions are made by the farmer. The mechanisms behind the 
larger-scale  patterns  were  not  studied  directly,  but  it  is  known  that  when 
encountering  low densities  of  host  plants  appropriate  for  oviposition,  gravid 
Lepidoptera  females  can  alter  their  search  patterns  (Thompson  &  Pellmyr 
1991), e.g. by flying longer distances between landings and doing fewer sharp 
turns (Odendaal et al. 1989), which causes an individual female to move faster 
between patches until  it  reaches a more rewarding area with  more suitable 
oviposition  sites.  A similar  change  in  searching  behaviour  combined  with  a 
reduced larval performance due to thicker sclerotic layers of Helopeltis-affected 
cacao pods may be responsible for the reduced densities of  Conopomorpha-
damaged pods in plots with higher  Helopeltis incidence rates. It  may not be 
uncommon that  plant-mediated indirect  interactions  are  important  for  larger-
scale insect herbivore distributions and dynamics. While relatively few studies 
addressed larger scale patterns driven by plant-mediated indirect interactions, 
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of  the  90  studies  on  herbivore-induced  plant  trait-mediated  interactions  (71 
studies reviewed by Ohgushi (2005) and 19 studies published since 2005; see 
Table.IV.A1),  nine  could  show a  propagation  of  plant  level-effects  to  larger 
spatial  scale.  For  instance,  (Karban 1986) reported the case of a  folivorous 
spittlebug that had lower persistence when feeding on leaves affected by a leaf-
herbivorous moth, resulting in lower spittlebug densities in areas with higher 
moth abundances. 
In addition to being valid across scales, our findings suggest that the ecological 
importance  of  plant-mediated  indirect  competition  in  our  study holds  across 
seasons. Field experiments have shown that due to variation in climate and/or 
herbivore  development  times,  the  outcome  can  differ  dramatically  among 
replicates or years (Van Zandt & Agrawal 2004). In our field study, even though 
Conopomorpha incidence changed between seasons, we observed the same 
plant-mediated  indirect  interaction  patterns  in  three  consecutive  harvesting 
seasons.
Plant-mediated indirect interactions affect yield losses.
To  our  knowledge,  there  are  no  studies  addressing  economic  relevance  of 
plant-mediated  indirect  interactions  in  any  crop  species.  Yield  losses,  or 
increases (Poveda et al. 2010), due to herbivory are usually studied for single 
pest species. Muhamad & Way (1995) hypothesized that abscission of pods 
due  to  early  damage  of  Helopeltis  theivora on  cacao  yield  is  unlikely  to 
contribute  importantly  to  ultimate  crop  losses  because  it  is  overlapped  by 
natural cherelle wilt and later compensated by increased cherelle production. In 
their  data,  yield  losses  were  closely  related  to  time  of  damage:  Helopeltis-
affected medium sized pods had ~15% lower yield, but yield was unaffected 
when full-sized but not yet ripe pods were heavily damaged. In the simulation of 
our observation data, where no differentiation of pod age at attack could be 
made, there were only marginal direct crop losses on pods that were affected 
by  Helopeltis  (<1%).  In  the  study  of  Day  (1989)  the  crop  losses  due  to 
Conopomorpha reached about 40% with 90% of pods attacked. In our study, 
the  first  to  integrate the effects  of  both pest  organisms,  the  estimated yield 
losses  directly  linked  to  Conopomorpha at  an  infection  rate  of  90% and in 
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absence of Helopeltis was comparable (37.1%).
Our results show that in areas where Conopomorpha is absent Helopeltis does 
not lead to significant yield losses. But it is notable that pods affected by both 
pests contained significantly fewer marketable beans than a pod affected by 
Conopomorpha  alone.  Nevertheless  in  regions  where  Conopomorpha  is 
common, as in our study area (mean infection rate ~ 67%), there is a yield 
optimum at an incidence rate of 51% Helopeltis-damaged pods (Fig. 5b). At this 
level the  crop  losses  due  to  Conopomorpha  are  minimized via the  indirect 
negative interaction between the two pests, which overcompensates the direct 
crop losses due to  Helopeltis resulting in 9.6% more marketable cacao beans 
than  if  Helopeltis is  absent.  We  deliver  an  example  of  how  indirect  plant 
mediated interactions between two agricultural pests result in minimized overall 
yield losses in co-occurrence of the two pest species.
Management implications.
The cocoa pod borer  Conopomorpha is  the  most  destructive  pest  of  cacao 
plantations in Southeast Asia, but the fact that the  Helopeltis  spp. mirids are 
conspicuous and Conopomorpha is rather cryptic can lead to a disproportionate 
role of the mirids in affecting management decisions such as whether to spray 
insecticides or  not.  The authors have observed that  insecticide use is  often 
triggered by early season Helopeltis feeding scars. In this case the insecticide is 
sprayed  directly  on  the  pods.  The  sap-feeding  Helopeltis  nymphs are  day-
active, flightless and remain at the pods most of  the time and therefore are 
much more affected by this management practice than Conopomorpha,  which 
hides for most of the day underneath branches and visits the pods only for short 
time  periods  for  oviposition  at  night  (Day  et  al.  1995).  In  areas  where 
Conopomorpha is common the described negative indirect interaction between 
the two pest organisms would make application of broad-spectrum insecticides 
on  the  cocoa  fruits  against  Helopeltis  pointless  or  even  counterproductive, 
because the reduction of losses due to Helopeltis is likely to be exceeded by the 
increasing  yield  losses due to  Conopomorpha. The same might  be  true  for 
integrated  pest  management  practices  against  Helopeltis  spp. by  ants,  as 
Indirect interaction between cacao pests 65
proposed by  Graham (1991) and  Way & Khoo (1989). Ant species which are 
effective predators of  Helopeltis  might indirectly increase the probability of  a 
Conopomorpha infection, given that the two pests have contrasting spatial and 
temporal activity patterns, and are therefore unlikely to be equally exposed to 
any particular predator species. The relatively immobile Helopeltis is possibly a 
much easier prey for ants such as Dolichoderus spp. (Way & Khoo 1989, 1992; 
Stonedahl  1991) than  the  rather  cryptic  Conopomorpha.  In  consideration  of 
these facts it might be preferable to use more specific  Conopomorpha control 
strategies such as complete regular harvesting to break the development cycle, 
pheromone traps or selection of resistant genotypes.
More generally, our results demonstrate that plant-mediated indirect interactions 
can  be  quantitatively  relevant  at  spatial  and  temporal  scales  relevant  for 
agricultural management. Given the large potential for such interactions in most 
other  crops,  we  suggest  that  pest  management  strategies  could  benefit 
significantly from being adapted to account for these effects. In particular, this 
study underlines that efficiency of any pest control measure should not only be 
measured  in  impact  on  the  target  species  alone,  but  should  also  consider 
effects on species which might directly alter host-plant traits and indirectly other 
species, which includes not only natural enemies and pollinators but also other 
herbivores.
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Abstract
Most theoretical and empirical studies on predation use population densities to 
predict predation strength without regarding species traits.
Ants  are  a  major  predator  group,  but  differ  widely  in  body  size  and  food 
preference. It is widely unknown how these ecological traits affect predation by 
the ant community, and whether integrating traits into ecological models makes 
predictions more accurate.
We surveyed leaf herbivores, measured leaf herbivory and collected data of ant 
abundances, their body sizes and food preferences at baits in a 16 month ant 
fauna  manipulation  experiment,  which  has  been  established  in  Indonesian 
cacao plantations.
Higher  leaf  herbivore  abundances  increased  leaf  losses,  while  higher  ant 
abundances  reduced  leaf  damage due  to  herbivores.  By correcting  the  ant  
abundance data for body mass and relative preference for protein we greatly 
improved the  fit  of  the  model  explaining  leaf  loss.  Similarly,  leaf  herbivores 
predicted leaf loss better when herbivores’ biomass was taken into account. Our 
study shows that integrating ecological traits into ecological models can improve 
their fit and prediction strength.
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Introduction
In community ecology, most current models of trophic interactions are based on 
the assumption that  species within  the same guild  have identical  effects  on 
lower  levels  in  the  food  web  (Schmitz  &  Suttle  2001).  This  simplification, 
however,  tends to  disregard important  mechanistic  details  about  the relative 
interaction strength of individual species in food webs  (Paine 1992; Werner & 
Peacor 2003). The emergence of differing effect size of single predator species 
on  lower  trophic  levels  of  has  been  variously  attributed  to  differing 
morphological traits (Rudolf 2006), microhabitat use (Schmitz et al. 2004), and 
foraging behaviour  (Finke & Denno 2004; Ives et al. 2004; Duffy et al. 2007), 
but also to interactions between predators  (Martin et al. 2013). These factors 
can enhance or weaken effects of predator species on ecosystem structure and 
functioning (Schmitz 2007). As important traits, predator–prey body mass ratios 
may be key to enabling persistence of populations in complex food webs and 
stabilizing the diversity of natural ecosystems (Brose et al. 2006).
Ants  are  most  efficient  predators  of  arthropods  in  the  tropics  and  can  limit  
herbivore populations, including potential insect pests in agroecosystems, which 
is  an  ecosystem service  of  enormous  financial  value  (Philpott  &  Armbrecht 
2006; Armbrecht & Gallego 2007; Van Mele 2007; Rosumek et al. 2009).  Ants 
cover a wide spectrum of body sizes (~1-30 mm) (Weiser & Kaspari 2006), vary 
widely in their behaviour such as temporal-spatial activity, hunting strategy and 
food preference  (Hölldobler & Wilson 1990).  Many ants are omnivorous and 
opportunistic  feeders,  while  some  subfamilies  and  genera  comprise  highly 
specialized predators, and others may largely live on vegetarian diets (including 
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seeds, honeydew, plant nectar, food bodies and fungi)  (Blüthgen et al. 2003). 
These traits  may influence the  relative  impact  of  ant  species  on ecosystem 
processes via differing prey demand per worker and prey spectrum in matters of 
size and identity. There is evidence that in species  rich ant communities with 
high evenness (i.e. each single species having a similar share of the overall 
abundance)  overall  predatory  pressure  on  herbivores  is  enhanced  due  to 
additive  or  even  synergistic  effects  of  complementary traits  (Philpott  & 
Armbrecht 2006; Philpott et al. 2008a).
Habitat conversion and simplification  (Gibb & Hochuli 2003; Bihn et al. 2010), 
agricultural  intensification  (Philpott  &  Foster  2005;  Philpott  et  al.  2008b; 
Ottonetti et al. 2010) and the invasion of dominant ants ((Holway et al. 2002; 
Sanders  et  al.  2003;  Bos et  al.  2008;  Wielgoss et  al.  2010) can lower  ant 
species richness and disrupt ant community evenness. Dominant ants achieve 
superiority  due  to  their  aggressiveness,  numerical  dominance,superior 
interference  behaviour  and  exploitative  competition  ability  (Parr  &  Gibb 
2010) and  are  frequently  found  in  disturbed  habitats  like  agroecosystems 
(Hölldobler & Wilson 1990). Species with high abundances often determine the 
whole  species  community  by  overruling  the  traits  of  the  other  ant  species 
(Hooper et al. 2005). Nevertheless until now most studies disregard ant species 
traits and use only worker abundance as variable to predict predation effects.
The objective of this study was to test if and how ecological traits of ants affect 
ecosystem processes such as leaf damage by folivory.  We established a 16 
month ant manipulation experiment in Indonesian cacao plantations. We use 
leaf  herbivory  and  leaf-insect  monitoring  data  to  fit  models  explaining  the 
observed leaf herbivory patterns with ant community traits. We hypothesize that 
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correcting  ant  abundance  for  traits  such  as  body  size  and  diet  improves 
accuracy of predictions in ecological modelling.
Methods
Study area / Study plots.
All sites were situated in the Palolo valley, on the northern border of the Lore 
Lindu National Park, Central Sulawesi, Indonesia. The elevation in this region 
ranges from 400 m to about 1,000 m above sea level. Natural vegetation is 
lowland to submontane rainforest, although only the latter remained (Whitten et 
al. 2002). Being close to the equator, the seasonality is not very marked. Annual 
rainfall is around 2,500 mm (Gutzler & Koehler 2010) with a long-term pattern of 
9  consecutive  rainy months  and  3  consecutive  drier  months  (Whitten  et  al. 
2002).  Cacao is  the main cash crop grown in  the study area.  Hybridization 
between out-crossing genotypes is common in smallholder cacao, and cacao 
trees in this study, as well as most of the other trees in the area, originate from 
hybrids between Forastero and Trinitario types. 15 cacao  plantations without 
insecticide use for at least one year, differing in shade and with absence of  
Philidris cf.  cordata and  Dolichoderus cf.  thoracicus (obtained by a rapid ant 
fauna assessment), were selected in May 2009.
Ant fauna manipulation treatments.
In  each  plantation  we  placed  a  plot  (50  x  50  m)  containing  four  subplots 
(minimum distance 8 m) with nine neighbouring cacao trees each. The branch 
connections of test trees with trees outside of the subplots were cut regularly. In  
each  subplot  one  of  the  four  ant  manipulation  treatments  was  assigned 
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randomly. In one subplot per plot the ant fauna remained undisturbed as Control  
and in another ants were excluded from the trees using insect glue barriers and 
colony removal.  In  the  third  subplots  we  established the  native  ant  species 
Dolichoderus  cf.  thoracicus as  dominant  species  in  the  cacao  trees  by 
transferring  colonies  using  artificial  nest  sites.  Because  of  their  high 
abundances  Dolichoderus  spp.  were proposed as biocontrol  agent for cacao 
(See & Khoo 1996; Van Mele & Cuc 2001). In the last subplots the invasive ant 
Philidris cf. cordata transferred to the cacao trees. This ant species is known to 
aggressively  defend  food  sources  from other  ant  species  and  to  lower  ant 
species  richness  (Wielgoss  et  al.  2010).  Both  ant  species  belong  to  the 
“dominant  dolichoderines”,  which  are  able  to  form  large  colonies  that 
numerically  dominate  habitats  (Hölldobler  &  Wilson  1990).  For  detailed  ant 
fauna manipulation methods see Appendix chapter III.
Ant surveys.
We used standardized plates  (25  cm 
diameter),  which  were  equipped  with 
two baits of 2cm3 of tuna in oil and two 
sponges  saturated  with  70%  sugar 
solution,  to  determine the  abundance 
of  ant  species  (Fig.V.1).  Each 
observation  plate  was  a  choice  test 
where  the  ant  workers  can  choose 
between carbohydrate and protein rich 
food. We offered two baits of each kind to reduce possible competition.
Fig.V.1: Ant observation bait with 
each two tuna and sugar solution 
baits
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Per subplot one plate was placed in the main ramification of each experimental 
cacao tree (if the main ramification was too high, it was fixed at breast height on 
the stem with elastic rubber band; this occurred in approximately 1 of 10 cases) 
and four were placed on the ground. The plates were observed for 1 h. Every 
15 min, the abundance of all ant species occurring at the baits feeding on fish or 
sugar was counted separately. For each species we checked the observation 
time at which the maximum of individuals were present at each plate. Then we 
summed up the numbers of individuals at protein and sugar baits respectively to 
get the ratio how the workers of each species were distributed between sugar 
and  protein  baits.  Of  every  ant  species  appearing  on  the  plate  5  to  10 
specimens were caught with forceps and conserved in 70% ethanol for later 
identification. For each species we measured head length of eight individuals, 
and calculated the closely correlated biomass (Kaspari & Weiser 1999). This 
survey  was  conducted  once  before  and  tree  times  after  the  ant  fauna 
manipulations in all 15 cacao plots (July 2009, April, Oktober 2010, February 
2011). We identified the samples to morphospecies level.
Arthropod surveys.
The abundance of herbivores and spiders was evaluated by inspecting three 
randomly chosen trees per  subplot  visually between 7.45 am and 2.00 pm. 
Surveys were conducted twice per tree in intervals of three to four weeks. All 
tree of one plot were sampled at the same day. Each tree was searched for  
insects  and  spiders  for  25  min  using  a  standardized  time-interval-based 
sampling scheme (5 min sampling at the tree stem; 4 times 5 min sampling 
leaves and brunches of tree crown using a ladder. Detected arthropods were 
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identified to family level using field guides (Borror & White 1970; Zborowski & 
Storey  2010) and  photos  were  taken  when  no  in-field  identification  was 
possible. Additionally we recorded their  position in the tree and approximate 
body length. We calculated biomasses of the different arthropod orders using 
published body length to biomass correlations (Hódar 1996).
Herbivory data.
For herbivory data collection we used the same 3 trees per subplot as in the 
arthropod survey. We twice sampled twenty leaves per tree from different strata 
and different distances of the main trunk using stratified random sampling. The 
leaves were scanned and herbivory rates were measured digitally using the 
program  ImageJ  (3  trees  per  subplot,  20  leaves  per  tree,  2  replicates).  In 
tropical trees leaf area loss due to herbivory occurs mainly in young emerging 
leaves and often  shows a temporal  or  spatial  pattern  within  trees  (Lowman 
1992; Coley & Barone 1996). The mean longevity of cacao leaves ranges from 
160 to 370 days depending on their position (Miyaji et al. 1997).  We sampled 
fully developed, mature cacao leaves at the end of the study to assure that the 
leaves had grown during their whole lifespan in the according ant treatments. 
Leaf  area  losses occurring  at  leaves  before  reaching  maturity  results  in  an 
expanded  leaf  area  missing  in  mature  leaves,  which  is  proportional  to  leaf 
growth. Thus relative loss in leaf area would be similar in young and mature 
leaves but absolute leaf loss may differ considerably. Therefore chose to use 
relative leaf losses in percent and not leaf area for our analysis.
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Data analysis.
Leaf  herbivory,  herbivores  and  ants:  To detect  differences  in  leaf  herbivory, 
herbivore and ant abundance and biomass between treatments we fitted linear 
mixed effect models by REML with plot and subplot as random factors.
Importance  of  herbivore  families  for  leaf  herbivory:  To  detect  the  relative 
importance of leaf herbivore families for contributing to leaf loss, we fitted a 
linear mixed-effects model  fit  by maximum likelihood over  the leaf  herbivory 
data  (in  percent,  logit  transformed,  see (Warton  &  Hui  2011))  versus  the 
biomass of each herbivore family per plot as explanatory variable. The models 
of  all  possible  permutations  of  the  variables  used  in  the  full  model  were 
calculated (with a maximum of 4 explanatory variables to avoid overfitting) using 
multi model inference (R package “MuMIn”, (Barton 2012) and were ranked by 
their  explanatory  power  using  AIC  (Akaike’s  Information  Criterion,(Akaike 
1983)).  We identified  the  best  models  where  the  value  of  difference  to  the 
model with the best AIC was ≤ 7 units (∆-AICc ≤ 7). For each model of this top  
set of models we calculated the log-likelihood (LL) and the  AIC-weights, also 
termed "model probabilities" sensu (Burnham & Anderson 2002) and (Anderson 
2008). These measures indicate the level of support (i.e., weight of evidence) in 
favour of any given model being the most parsimonious among the candidate 
model  set.  For each herbivore family we then  calculated the average of the 
estimates  and  standard  errors  and  the  confidence  intervals.  After  that  we 
calculated the weighted biomasses of the herbivore families by multiplying the 
biomasses with  the according importance (i.e.  sum of the AIC-weight  of  the 
models in which the according factor appeared). Families with a sum of the AIC-
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weight were considered as “important families”. We additionally calculated the 
weighted biomasses of these herbivore families separately.
Which leaf herbivore community traits explain leaf loss best?  To detect which 
herbivore related variable explains the measured leaf losses best we fitted five 
linear mixed-effects model  fit  by maximum likelihood over  the leaf  herbivory 
data  (in  percent,  logit  transformed)  per  plot  using  a)  abundance  of  all  
herbivores, b) biomass of all herbivores, c) biomass of all herbivores weighted 
by the relative importance of the according family, d) biomass of the important 
families (importance > 0.3) and e) biomass of the important families weighted 
by  the  relative  importance  of  the  according  family  as  explanatory  variable 
respectively (all standardized by subtracting the mean divided by the standard 
error). Then we compared AIC values to determine the best model.
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Which ant community traits explain leaf loss best? For this analysis we did not 
use data from the ant exclusion subplots, because this is the most unnatural ant 
treatment  with  very  low  ant  abundances  and  we  wanted  to  model  ant 
community  trait  –  herbivory  relationships  in  more  natural  environments.  To 
detect which ant community related variable explains best the measured leaf  
losses we fitted nine linear mixed-effects model fit by maximum likelihood over 
the leaf herbivory data (in percent, logit transformed) per plot using:
a) abundance of all ants at the baits
b) biomass of all ants
c) abundance of ants only at protein baits
d)abundance of ants only at sugar baits
e) biomass of ants only at protein baits
f) biomass of ants only at sugar baits 
(all log transformed and standardized by subtracting the mean divided by the 
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Results
Leaf herbivory, herbivores and ants.
In  comparison  to  control  treatments  herbivory  rates  were  reduced  in 
Dolichoderus dominated trees (t = -4.14, P < 0.01), but elevated in ant exclusion 
treatments (t =  3.85,  P < 0.01) and also higher (with marginal significance) in 
Philidris treatments (t = 2.68, P = 0.09, Fig.V.2, Table.V.A1).
Total abundances of leaf herbivores were similar in Control,  Dolichoderus and 
Philidris  treatments  and  decreased  with  ant  exclusion  (t  =  -1.96, P <  0.05, 
Fig.V.3a,  Table.V.A1),  but  biomass  of  leaf  feeding  herbivores  did  not  differ 
Fig.V.2: Leaf loss due to herbivores in the different treatments of the ant 
manipulation experiment in cacao plantations. Control = undisturbed ant 
communities; Dolichoderus = with experimentally established dominance of 
Dolichoderus cf. thoracicus; Philidris = with experimentally established 
dominance of Philidris cf. cordata
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between the four subplots (Fig.V.3b, Table.V.A1). Ant abundances in subplots 
with  the  experimentally  established  single  species  dominances  were  higher 
than in the unmanipulated control treatments (Fig.V.3c,  Philidris: t = 3.61,  P < 
0.01; Dolichoderus: t = 3.32, P < 0.01). In the ant exclusion trees the mean ant 
abundance was reduced too < 10% of the control (t  = -5.55,  P <0.01), and as 
well  biomass  of  ant  was  reduced  (t  =  -4.06,  P <0.01  Fig.V.3d),  while  ant 
biomasses in Control, Dolichoderus and Philidris did not differ.
Size of ants sampled at the baits varied between a head length of 2.9 mm and a 
worker biomass of 13.3 mg (Diacamma rugosom)  and 0.3 mm and 0.01 mg 
respectively (Monomorium sp.1). Food preference of the workers at the baits 
Fig.V.3: a) Leaf herbivore abundance b) biomass of leaf herbivores         
c) abundance of ant at baits in trees d) biomass of ant workers at baits in trees 
in the different treatments of the ant manipulation experiment in cacao 
plantations (all per subplot, sum of all sampling runs). For treatments, see 
legend of Fig.V.2
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differed widely between the ants:  While in some species the majority of  the 
workers preferred protein over sugar baits (e.g. Tetramorium pasificum: 0.95), in 
other species the ratio (abundances at protein baits) :  (abundances at sugar 
baits) was much lower (e.g. Tetramorium smithii: 0.26). The focus species of our 
experiment  Dolichoderus  cf. thoracicus  and Philidris cf.  cordata  had a similar 
preference  ratio  (0.69  and 0.67  respectively).  Food preference  at  the  baits, 
head length and worker biomass are displayed in Table.V.A2.
Importance of herbivore families for leaf herbivory.
Model  details  of  the  top  set  of  models  are  displayed  in  Table.V.A3.  The 
importance  of  each  herbivore  family  regarding  explanation  potential  for  the 
observed leaf loss is displayed in Fig.V.4.
Fig.V.4: Sum of AIC weights (=importance) of herbivore families 
calculated by multi model comparison explaining leaf herbivory. 
Families with Σ AIC weights > 0.3 (black) are considered as 
important families.
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In Table.V.1 we give details of model averaging of the top set of models with a 
delta-AIC  <  7.  The  herbivore  family  contributing  most  to  the  observes  leaf 
herbivory  patterns  was  the  Scarabeidae  with  a  sum  of  AIC-weights  (i.e. 
importance)  of  0.97,  followed by Gelechiidae with  an importance of 0.43. In 
addition  Tortricidae  (Σ of  AIC-weights  0.41),  Curculionidae  (0.37)  and 
Geometridae (0.31) were considered as “important families” (Σ of AIC-weights > 
0.3) for later calculations.
Table.V.1: Results of  multi  model  averaging of biomass of herbivore families 
explaining leaf loss (logit)










(Intercept) -3.1930 0.1097 0.1122 28.46
Acrididae -0.0018 0.0022 0.0022 0.80 0.42 0.20
Chrysomelidae 0.0012 0.0046 0.0047 0.25 0.80 0.15
Curculionidae -0.0035 0.0020 0.0021 1.70 0.09 0.37
Gelechiidae 0.0036 0.0022 0.0022 1.58 0.11 0.43
Geometridae 0.0002 0.0001 0.0001 1.29 0.20 0.31
Lymantriidae 0.0000 0.0001 0.0001 0.21 0.83 0.14
Psychidae 0.0000 0.0000 0.0000 0.51 0.61 0.16
Scarabaeidae 0.0009 0.0003 0.0004 2.57 0.01 0.97
Tortricidae 0.0002 0.0002 0.0002 1.54 0.12 0.41
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Which leaf herbivore community traits explain leaf loss best?
The variable which explained leaf loss patterns best was biomass of the defined 
important herbivore families weighted by their sum of AIC-weights, followed by 
biomass of all herbivores weighted by the importance of the according family 
(Δ-AIC: 3.03), non weighted biomass of important families (Δ-AIC: 4.27), counts 
of  all  herbivores  (Δ-AIC:  4.54)  and biomass of  all  herbivores  (Δ-AIC:  6.68). 
Details of the AIC comparison are listed in  Table.V.2 and model details of are 
given in Table.V.A4.
Table.V.2: Results AIC-comparison of models explaining leaf loss with herbivore 
community traits 
Model with AIC Δ-AIC AIC-weights log likelihood
Biomass of important 
families (weighted)
92.99 0.00 0.68 -42.50
Biomass all herbivores 
(weighted)
96.02 3.03 0.15 -44.01
Biomass important families 97.27 4.27 0.08 -44.63
Counts all herbivores 97.53 4.54 0.07 -44.77
Biomass all herbivores 99.68 6.68 0.02 -45.84
Which ant community traits explain leaf loss best?
The best ant community variable to explain leaf loss patterns was ant biomass 
corrected  for  ant  species  preference  for  protein  baits  (Table.V.3,  Fig.V.5), 
followed by biomass of all ants (at both protein and sugar baits,  Δ-AIC: 3.18), 
biomass ants only at  sugar baits  (Δ-AIC:  7.72).  All  other variables including 
abundance  of  ants  not  corrected  for  body  mass  had  a  lower  statistical 
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importance in matter of explanatory power for leaf herbivory (Table.V.3). Model 
details are given in Table.V.A3.
Table.V.3: Results  AIC-comparison  of  models  explaining  leaf  loss  with  ant 
community traits
Model with AIC Δ-AIC AIC-weights log likelihood
Biomass ants at protein 68.26 0 0.62 -30.13
Biomass all ants 70.14 1.88 0.24 -31.07
Biomass ants at sugar 72.60 4.34 0.07 -32.30
Abundance ants at protein 74.35 6.09 0.03 -33.18
Abundance all ants 74.87 6.61 0.02 -33.43
Abundance ants at sugar 75.11 6.85 0.02 -33.55
Fig.V.5: Effect of biomass at baits corrected for protein preference of the 
according species on leaf herbivory in cacao agroforests in Indonesia. For 
treatments, see legend of Fig.V.2
86 Ant traits in ecological modelling
Discussion
Our  study  shows  that  integrating  traits  such  as  body  size  and  diet  into 
ecological models can improve fit and therefore prediction of ecological models.  
The model  fit  with  leaf  herbivore  abundances explaining  leaf  loss  improved 
when estimated biomasses were taken into account (Table.V.2). Similarly we 
could  enhance the  fit  of  the model  including  ant  abundance as  explanatory 
variable by integrating food preference for protein and biomass of the according 
ant species (Table.V.3).
Herbivore community traits.
Until now the majority of studies on leaf herbivory use count data of individual 
insects  without  regarding  their  body  size.  But  such  traits  may  be  of  high 
importance regarding folivory,  since arthropod herbivores of larger body size 
consume  more  leaf  tissue  than  smaller  individuals. Indeed,  considering 
herbivore biomass resulted in a much better prediction of leaf area losses in 
cacao than using count data only. Integrating biomass into models predicting 
ecological  impact  is  usually  easy,  as  it  can  be  measured  without  killing  of 
individuals.  Biomass  may  affect  consumption  rates  directly  via  increased 
resource  demand  and  indirectly  by  influencing  the  diet,  because  smaller 
herbivore species tend to be more specialized than larger-bodied ones (Davis et 
al. 2013). Differences in diet width, temporal activity and behavioural traits like 
forming  of  aggregations  may  affect  ecological  impact  of  herbivore  species 
(Schmitz  &  Price  2011).  In  our  models,  biomass  alone  cannot  explain  all 
variation, but improved prediction strength in comparison to abundance data.
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Ant community traits.
Ant  abundances  at  baits  were  higher  in  the  two  single  species  dominated 
subplots than in control subplots. But when correcting for ant biomass, there 
was no significant difference between these three treatments. This appeared to 
be due to  the  small  worker  size of  the  dominant  species  Dolichoderus and 
Philidris and due  to  the  fact  that  they,  like  other  “dominant  dolichoderines”, 
displace  larger  species  from  the  baits,  while  being  more  tolerant  towards 
smaller, subdominant species (Hölldobler & Wilson 1990).
In our study correcting ant abundance for biomass improved the predictions of 
leaf  herbivory.  Measuring  body  size  provides  a  relatively  simple  means  of 
encapsulating  and  condensing  a  large  amount  of  the  biological  information 
embedded within an ecological network  (Woodward et al. 2005).  Biomass of 
ants at the baits gave us a better measure of the ecological functions of ants 
concerning  top  down  control  of  herbivores  in  the  tree  than  using  only 
abundance data. This can be explained by the great variation in biomass and 
body size between the sampled ants (head length varied from 0.3 to 2.9 mm). In 
addition, body size of ants can strongly influence preferred prey sizes, discovery 
times and monopolisation rates of resources (Gibb & Parr 2010). Similarly, ant 
body size can affect other ecosystem functions of ants such as the dispersal 
distance of ant-adapted seeds (Ness et al. 2004). Using baits and rather short 
observation times might underestimate the occurrence of large ants (Longino et 
al. 2002). In large ants the correlation between abundance and predation as 
ecosystem function might be stronger than in small ants, because one single 
worker of a large species already may prey on leaf herbivores, while a worker of 
a small ant species first needs to recruit nest-mates to overwhelm the prey.
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Food  demand  of  social  insects  is  not  directly  linked  to  body  size  of  the 
individuals.  In ants colony size, number of  queens,  brood and production of 
sexual offspring affect the protein demand of a colony (Cook et al. 2010) and 
vice versa ants are able to control colony growth to a certain extent according to 
the protein availability  (Kay et al.  2006).  Arboreal ant communities are more 
nitrogen limited than carbohydrate limited (Yanoviak & Kaspari 2000), because 
they have good access to carbohydrate sources as extrafloral  nectaries and 
honeydew  (Blüthgen et al.  2004).  Protein  demand may result  in a seasonal 
behaviour shift  from carbohydrate to protein preference of the workers (from 
honeydew  or  nectar  feeding  towards  predation)  with  possible  effects  on 
predation pressure (Cook et al. 2010). We used four ant surveys in different 
years  and seasons in  this  study to  cope with  this  seasonal  variation,  but  a 
higher temporal resolution of the surveys and estimation of colony sizes might 
be useful to further improve predictions.
Our models explained most of the variation of leaf herbivory when we weight 
the biomass of each ant species with the share of its workers that preferred 
protein baits over carbohydrate baits. According to optimal foraging theory for 
ant  feeding  preference (Kay 2002,  2004;  Blüthgen  et  al.  2003), consumers 
should show stronger preferences towards food which is relatively less available 
for this species (Blüthgen & Feldhaar 2010).  In  our study, preference at the 
baits  reflected  the  natural  food  preference.  Comparing  ant  species  food 
preference in  baits  choice  tests  with  their  trophic  level  using  stable  isotope 
analysis could give a deeper insight in this matter.
Ant traits in ecological modelling 89
Conclusion.
There  are  many  ecological  traits  of  predators  that  might  affect  ecosystem 
functioning. Not all traits can be incorporated into statistical models for practical 
reasons.  According  to  our  results,  considering  at  least  body  size  and  food 
preference  when  explaining  ecosystem  functions  of  ant  communities  can 
increase the quality of the according model substantially.
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Appendix chapter V
Appendix chapter V Tables.
Table.V.A1: Effects of ant community manipulation treatments on leaf herbivory, 
abundances and biomass of herbivores and abundance and biomass of ants at 
baits in cacao agroforests of Central Sulawesi.





Leaf Control 5.83 0.33 5.17 6.48
herbivory Dolichoderus -1.95 0.47 -4.14 <0.01 -2.88 -1.02
Philidris 0.79 0.47 1.68 0.09 -0.14 1.72
Ant-exclusion 1.81 0.47 3.85 <0.01 0.88 2.74
Abundances Control 2.86 0.11 2.64 3.09
herbivores Dolichoderus -0.13 0.16 -0.82 0.42 -0.45 0.19
Philidris 0.04 0.16 0.28 0.78 -0.27 0.36
Ant-exclusion -0.31 0.16 -1.96 0.05 -0.64 0.01
Biomass Control 3826.55 605.34 2605 5048
herbivores Dolichoderus -1289.77 681.27 -1.89 0.07 -2665 85.09
Philidris -326.54 681.27 -0.48 0.63 -1701 1048
Ant-exclusion -1050.95 681.27 -1.54 0.13 -2426 323.91
Abundances Control 403.82 57.16 290.75 516.89
ants Dolichoderus 217.73 65.59 3.32 <0.01 87.98 47.48
Philidris 236.6 65.59 3.61 <0.01 106.85 366.35
Ant-exclusion -363.73 65.59 -5.55 <0.01 -493.5 -234
Biomass Control 0.80 0.14 0.53 1.08
ants Dolichoderus -0.24 0.19 -1.23 0.22 -0.63 0.15
Philidris -0.37 0.19 -1.91 0.06 -0.76 0.02
Ant-exclusion -0.78 0.19 -4.06 <0.01 -1.17 -0.39
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Table.V.A2: Food preference at the baits, headlength and worker biomass of 
ants sampled with protein and sugar baits in Indonesian cacao agroforests (only 











Tetramorium sp. 6 0.95 0.97 0.43
Tetramorium pasificum 0.93 0.91 0.35
Pheidole sp. 3 0.87 0.65 0.12
Plagiolepis sp. 1 0.76 0.30 0.01
Paratrechina sp. 1 0.69 0.64 0.11
Pseudolasius sp. 2 0.69 1.10 0.63
Dolichoderus cf. thoracicus 0.69 0.93 0.38
Philidris cf. cordata 0.68 1.02 0.50
Paratrechina sp. 4 0.68 0.60 0.10
Polyrhachis abdominalis 0.67 2.26 6.32
Monomorium sp. 3 0.67 0.43 0.03
Crematogaster sp. 1 0.64 0.67 0.13
Monomorium floricola 0.63 0.40 0.03
Pheidole sp. 1 0.63 0.44 0.04
Pheidole sp. 4 0.62 0.45 0.04
Oecophylla smaragdina 0.61 1.73 2.70
Philidris sp. 1 0.60 0.78 0.21
Monomorium sp. 1 0.58 0.29 0.01
Tapinoma sp. 1 0.57 0.49 0.05
Polyrhachis sp. 7 0.56 1.81 3.12
Crematogaster sp. 3 0.54 1.20 0.84
Camponotus sp. 1 0.50 1.88 3.54
Technomyrmex albipes 0.48 0.85 0.28
Tapinoma melanocephalum 0.46 0.45 0.04
Polyrhachis dives 0.45 1.91 3.73
Anoplolepis gracilipes 0.43 0.70 0.15
Camponotus recticulatus 0.36 1.57 1.98
Diacamma rugosum 0.33 2.86 13.30
Echinopla lineata 0.33 1.90 3.61
Polyrhachis sp. 1 0.33 2.05 4.63
Tetramorium sp. 2 0.33 0.63 0.11
Tetramorium smithi 0.26 0.41 0.03






















f logLik AIC Δ-AiC
AIC-
weight
-3.22 -0.0038 0.0034 0.0011 0.0003 7 -39.64 95.44 0.00 0.041
-3.21 -0.0038 0.0011 0.0003 6 -40.99 95.57 0.13 0.039
-3.17 0.0037 0.0008 5 -42.24 95.59 0.15 0.038
-3.24 0.0035 0.0009 0.0002 6 -41.10 95.78 0.34 0.035
-3.27 -0.0042 0.0002 0.0012 0.0003 7 -39.89 95.94 0.50 0.032
-3.22 0.0008 0.0002 5 -42.46 96.02 0.59 0.031
-3.15 0.0008 4 -43.68 96.09 0.65 0.030
-3.23 0.0037 0.0001 0.0009 6 -41.28 96.15 0.71 0.029
-3.14 -0.0031 0.0036 0.0010 6 -41.29 96.17 0.73 0.029
-3.22 -0.0035 0.0002 0.0011 7 -40.07 96.30 0.86 0.027
-3.12 -0.0031 0.0010 5 -42.74 96.58 1.14 0.023
-3.20 -0.0036 0.0002 0.0011 6 -41.51 96.60 1.17 0.023
-3.21 0.0001 0.0008 5 -42.78 96.67 1.24 0.022
-3.29 0.0035 0.0001 0.0009 0.0002 7 -40.26 96.68 1.24 0.022
-3.27 0.0001 0.0009 0.0002 6 -41.69 96.96 1.52 0.019
-3.15 -0.0016 0.0036 0.0008 6 -41.86 97.30 1.86 0.016
-3.13 -0.0017 0.0007 5 -43.24 97.60 2.16 0.014






















f logLik AIC Δ-AiC
AIC-
weight
-3.27 0.0036 0.0000 0.0008 0.0002 7 -40.76 97.67 2.24 0.013
-3.22 -0.0013 0.0034 0.0008 0.0002 7 -40.81 97.76 2.33 0.013
-3.23 -0.0036 0.0000 0.0011 0.0003 7 -40.82 97.79 2.35 0.013
-3.17 -0.0041 0.0000 0.0011 0.0003 7 -40.83 97.81 2.37 0.013
-3.20 -0.0014 0.0008 0.0002 6 -42.12 97.83 2.39 0.013
-3.19 -0.0010 -0.0036 0.0011 0.0003 7 -40.84 97.84 2.40 0.012
-3.21 -0.0015 0.0036 0.0001 0.0008 7 -40.90 97.95 2.51 0.012
-3.25 0.0000 0.0008 0.0002 6 -42.20 97.99 2.55 0.012
-3.17 -0.0004 0.0037 0.0008 6 -42.23 98.05 2.61 0.011
-3.17 0.0037 0.0000 0.0008 6 -42.24 98.06 2.62 0.011
-3.21 0.0008 -0.0039 0.0011 0.0003 7 -40.97 98.09 2.65 0.011
-3.17 0.0000 0.0008 5 -43.54 98.19 2.75 0.010
-3.19 -0.0016 0.0001 0.0008 6 -42.35 98.29 2.85 0.010
-3.24 0.0035 0.0000 0.0009 0.0002 7 -41.10 98.35 2.91 0.010
-3.24 0.0000 0.0035 0.0009 0.0002 7 -41.10 98.35 2.91 0.010
-3.13 -0.0011 -0.0029 0.0035 0.0010 7 -41.11 98.37 2.93 0.010
-3.14 0.0000 0.0008 5 -43.66 98.44 3.00 0.009
-3.21 0.0000 0.0008 0.0002 6 -42.44 98.46 3.02 0.009
-3.14 -0.0004 0.0008 5 -43.67 98.46 3.02 0.009






















f logLik AIC Δ-AiC
AIC-
weight
-3.25 0.0037 0.0001 0.0000 0.0009 7 -41.18 98.51 3.07 0.009
-3.16 -0.0029 0.0036 0.0000 0.0010 7 -41.18 98.52 3.09 0.009
-3.11 -0.0013 -0.0028 0.0009 6 -42.51 98.60 3.16 0.009
-3.12 -0.0033 0.0035 0.0000 0.0010 7 -41.23 98.62 3.18 0.008
-3.24 0.0037 0.0001 0.0000 0.0009 7 -41.28 98.71 3.28 0.008
-3.23 -0.0001 0.0037 0.0001 0.0009 7 -41.28 98.72 3.28 0.008
-3.14 0.0003 -0.0032 0.0036 0.0010 7 -41.29 98.73 3.29 0.008
-3.18 -0.0011 -0.0033 0.0002 0.0011 7 -41.32 98.80 3.36 0.008
-3.09 -0.0034 0.0000 0.0010 6 -42.62 98.82 3.38 0.008
-3.25 -0.0013 0.0001 0.0009 0.0002 7 -41.38 98.91 3.47 0.007
-3.13 -0.0030 0.0000 0.0010 6 -42.66 98.91 3.47 0.007
-3.17 -0.0039 0.0002 0.0000 0.0011 7 -41.38 98.92 3.48 0.007
-3.22 0.0001 0.0000 0.0008 6 -42.72 99.02 3.58 0.007
-3.12 0.0003 -0.0032 0.0010 6 -42.73 99.05 3.61 0.007
-3.16 -0.0035 0.0048 0.0035 0.0008 7 -41.47 99.08 3.65 0.007
-3.21 0.0009 -0.0037 0.0002 0.0011 7 -41.48 99.11 3.67 0.007
-3.21 -0.0035 0.0002 0.0000 0.0011 7 -41.48 99.12 3.68 0.007
-3.20 0.0001 0.0000 0.0008 6 -42.77 99.13 3.70 0.007
-3.14 -0.0039 0.0054 0.0008 6 -42.78 99.15 3.71 0.006






















f logLik AIC Δ-AiC
AIC-
weight
-3.29 0.0001 0.0000 0.0009 0.0002 7 -41.55 99.26 3.82 0.006
-3.22 -0.0037 0.0057 0.0008 0.0002 7 -41.58 99.32 3.88 0.006
-3.27 0.0001 0.0000 0.0009 0.0002 7 -41.68 99.51 4.07 0.005
-3.28 0.0003 0.0001 0.0009 0.0002 7 -41.68 99.51 4.08 0.005
-3.17 -0.0015 0.0037 0.0000 0.0008 7 -41.69 99.53 4.09 0.005
-3.21 -0.0041 0.0063 0.0002 0.0008 7 -41.71 99.57 4.13 0.005
-3.06 3 -46.68 99.79 4.35 0.005
-3.14 -0.0016 0.0000 0.0007 6 -43.14 99.86 4.42 0.005
-3.15 -0.0016 0.0036 0.0000 0.0008 7 -41.86 99.87 4.43 0.005
-3.23 -0.0013 0.0000 0.0008 0.0002 7 -41.91 99.98 4.54 0.004
-3.11 -0.0017 0.0000 0.0007 6 -43.22 100.03 4.60 0.004
-3.07 0.0032 4 -45.67 100.07 4.63 0.004
-3.12 -0.0036 0.0056 -0.0029 0.0010 7 -42.00 100.15 4.72 0.004
-3.19 -0.0003 0.0037 0.0000 0.0008 7 -42.03 100.21 4.77 0.004
-3.19 0.0037 0.0000 0.0000 0.0008 7 -42.03 100.21 4.77 0.004
-3.19 -0.0014 0.0000 0.0008 0.0002 7 -42.09 100.34 4.90 0.004
-3.24 0.0000 0.0000 0.0008 0.0002 7 -42.17 100.49 5.06 0.003
-3.25 0.0002 0.0000 0.0008 0.0002 7 -42.20 100.56 5.12 0.003
-3.15 0.0000 0.0000 0.0008 6 -43.51 100.61 5.17 0.003






















f logLik AIC Δ-AiC
AIC-
weight
-3.16 -0.0003 0.0000 0.0008 6 -43.53 100.65 5.22 0.003
-3.20 -0.0016 0.0001 0.0000 0.0008 7 -42.32 100.79 5.35 0.003
-3.11 0.0002 4 -46.05 100.84 5.40 0.003
-3.18 -0.0016 0.0001 0.0000 0.0008 7 -42.34 100.84 5.40 0.003
-3.13 -0.0005 0.0000 0.0008 6 -43.66 100.90 5.46 0.003
-3.08 -0.0012 -0.0031 0.0000 0.0010 7 -42.41 100.97 5.53 0.003
-3.12 -0.0013 -0.0027 0.0000 0.0009 7 -42.43 101.02 5.59 0.003
-3.21 0.0000 0.0000 0.0008 0.0002 7 -42.44 101.03 5.59 0.003
-3.03 -0.0019 4 -46.21 101.14 5.70 0.002
-3.10 -0.0032 0.0000 0.0000 0.0010 7 -42.54 101.24 5.80 0.002
-3.12 0.0031 0.0002 5 -45.12 101.36 5.92 0.002
-3.09 0.0001 4 -46.32 101.38 5.94 0.002
-3.09 0.0004 -0.0034 0.0000 0.0010 7 -42.61 101.38 5.94 0.002
-3.14 0.0003 -0.0030 0.0000 0.0010 7 -42.66 101.47 6.03 0.002
-3.16 -0.0038 0.0055 0.0000 0.0008 7 -42.66 101.47 6.03 0.002
-3.21 0.0001 0.0000 0.0000 0.0008 7 -42.70 101.56 6.13 0.002
-3.22 0.0001 0.0001 0.0000 0.0008 7 -42.72 101.59 6.15 0.002
-3.05 -0.0018 0.0031 5 -45.24 101.60 6.16 0.002
-3.08 0.0000 4 -46.47 101.66 6.23 0.002






















f logLik AIC Δ-AiC
AIC-
weight
-3.20 0.0000 0.0001 0.0000 0.0008 7 -42.77 101.70 6.26 0.002
-3.11 0.0032 0.0001 5 -45.32 101.76 6.32 0.002
-3.10 0.0033 0.0000 5 -45.40 101.90 6.46 0.002
-3.05 -0.0006 4 -46.65 102.02 6.58 0.002
-3.05 -0.0009 4 -46.65 102.02 6.59 0.002
-3.04 0.0000 4 -46.65 102.03 6.59 0.002
-3.09 -0.0018 0.0002 5 -45.61 102.33 6.89 0.001
-3.13 -0.0016 0.0000 0.0000 0.0007 7 -43.11 102.38 6.94 0.001
-3.06 -0.0010 0.0032 5 -45.63 102.38 6.94 0.001
-3.06 -0.0004 0.0032 5 -45.66 102.42 6.98 0.001
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(Intercept) -3.057 0.065 -3.194 -2.919
Biomass of important 
families (weighted)
0.197 0.065 3.025 0.004 0.006 0.278
(Intercept) -3.057 0.069 -3.193 -2.920
Biomass all herbivores 
(weighted)
0.160 0.068 2.359 0.023 0.026 0.294
(Intercept) -3.057 0.069 -3.194 -2.919
Biomass important 
families
0.142 0.069 2.069 0.044 0.006 0.278
(Intercept) -3.057 0.071 -3.198 -2.915
Counts all herbivores 0.135 0.068 1.971 0.055 -0.001 0.270
(Intercept) -3.057 0.074 -3.203 -2.910
Biomass all herbivores 0.091 0.070 1.292 0.203 -0.049 0.230
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Table.V.A5: Details of single models explaining leaf herbivory with ant 
community traits




(Intercept) -3.01 0.4 -3.82 -2.2
Abundance at all baits -0.06 0.12 -0.49 0.63 -0.29 -0.18
(Intercept) -2.89 0.38 -3.65 -2.13
Abundance at protein baits -0.1 0.12 -0.85 0.4 -0.33 -0.13
(Intercept) -3.22 0.36 -3.93 -2.51
Abundance at sugar baits -0.01 0.12 -0.06 0.95 -0.22 0.24
(Intercept) -3.18 0.09 -3.35 -3.01
Biomass at all baits -0.21 0.09 -2.24 0.03 -0.39 -0.02
(Intercept) -3.23 0.08 -3.4 -3.06
Biomass at protein baits -0.24 0.09 -2.66 0.01 -0.42 -0.06
(Intercept) -3.25 0.09 -3.44 -3.07
Biomass at sugar baits -0.15 0.09 -1.58 0.13 -0.34 0.04
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VI General conclusions
Ant as basis of ecosystem functioning in agroforestry
In our experimental study we reveal that ants occupy a central position in a 
complex  interaction  network  which  drives  yields  in  Indonesian  cacao 
agroecosystems  (Fig.III.5).  Ants  provided  ecosystem services  like  top  down 
effects  on  cacao  pests  and  leaf  herbivores,  but  as  well  disservices  like 
phytopathogen dissemination, enhancement of sap sucking homopterans (their 
mutualist  partners)  and  indirect  enhancement  of  a  major  cacao  pest  by 
predation  on  the  antagonistic  minor  pest.  A  similarly  complex  multitrophic 
interaction  network  has  been  described  in  organic  coffee  agroforestry  in 
Chiapas, Mexico (Vandermeer et al. 2010). Here one ant species (Azteca sp.) 
was the driving keystone species in the centre  of  the network.  This  system 
involves  at  least  13  components  (insects  and  fungi)  and  six  ecological 
processes (competition,  predation,  parasitism,  hyper-parasitism,  disease and 
mutualism).  Vandermeer and colleagues  conclude that the complexity of such 
ecological  networks  effectively generates  the ecosystem service  of  buffering 
production systems against extreme outbreaks of pests and diseases.  One of 
the  main  findings  of  this  dissertation  was,  that  in  order  to  judge  about  the 
ecosystem services  of  a  predator  community,  it  is  not  enough  highlight  the 
effects  on  single  pests  or  diseases,  but  to  integrate  all  direct  and  indirect 
interactions  with  the  crop  plant  it  is  necessary  to  analyse  effects  on  the 
marketable  yield,  which  is  the  final  ecosystem  service.  We  show  that 
interactions between agricultural pests, like in our example between Helopeltis  
sulawesi and  Conopomorpha  cramerella,  can  blur  positive  effects  of  pest 
control  by ants  or  insecticides.  More generally,  our  results  demonstrate that 
plant-mediated indirect interactions can be quantitatively relevant at spatial and 
temporal scales relevant for agricultural management.
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Trait diversity sustains ecosystem services
The balancing ecosystem service in our system seems to be provided best by 
ant communities with high evenness, as in the unmanipulated relatively species 
rich control subplots and the dolichoderus dominated ant communities, where 
yields where highest.  With ant exclusion and  Philidris dominance ecosystem 
disservices  predominated  the  beneficial  effects  the  services  and  we  could 
measure a yield reduction of about 27% and 34% respectively. The strength of  
the  multiple  direct  and  indirect  interactions  leading  to  these  final  yield 
differences changed with ant community properties like ant species richness 
and evenness but also with the individual traits of the dominant ant species. 
There are  many behavioural  and physiological  traits  of  predators can affect 
ecosystem functioning (Duffy et al. 2007). For practical reasons it is not possible 
to  include  all  of  these  traits  in  models  predicting  ecosystem  functions  of 
predator communities. The results of our study show that correcting abundance 
data of ants for biomass and food preference can already improve predicting 
strength of ecological model significantly. With a single ant species dominance 
the traits  of  the dominant  species defines the effects  of  the ant  community. 
Agricultural  intensification  can  lead  to  uneven  species  poor  species 
communities and a loss of functional diversity, which has been defined as ‘‘the 
value  and  range  of  those  species  and  organismal  traits  that  influence 
ecosystem  functioning’’  (Tilman  2001).  In  the  long  term,  the  link  between 
ecological functions and species diversity might have very important effects on 
the complex interactions affecting human well-being (Bihn et al. 2010), since the 
functional  diversity  of  in  agroecosystems  may  buffer  possible  ecosystem 
disservices  and  react  to  changing  environment  like  climate  change,  pest 
outbreak  or  species  invasion  (Philpott  &  Armbrecht  2006).  A single  species 
dominated community might even have stronger effects on some ecosystem 
functions than a diverse communities  (Gove 2007), because worker densities 
ant ant activity of such communities are generally higher  (Hölldobler & Wilson 
1990).  But if  and in what extend simply structured ant communities still  can 
provide  all  ecosystem  services  of  a  diverse  species  community  strongly 
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depends on the traits of the few species remaining in the system. Therefore trait  
diversity facilitated by high species richness is the key to maintain ecosystem 
services especially when the environment is changing, for example emergence 
of new pest species or in the context of climate change.
Implications for management
The coffee plantations of the study in Mexico have been under careful organic 
management since almost 100 years  (Philpott et al. 2009; Vandermeer et al. 
2009) suggesting  that  ant  communities  have  reached  a  certain  equilibrium, 
while cacao plantations in our study region are far from being organic and ant 
communities are in a ongoing flux. We reported a far reaching change of ant 
communities  in  cacao  plantations  in  our  study  region,  in  Central  Sulawesi, 
Indonesia,  where the dolichoderine invasive ant  species  Philidris cf.  cordata 
recently  became  ecologically  dominant,  reducing  ant  species  richness  by 
displacing  other  dominant  species  such  as  the  native  Dolichoderus cf. 
thoracicus  (Wielgoss  et  al.  2010).  which  might  be  beneficial  as  effective 
predators  of  cacao  pests  (Way &  Khoo  1992;  Van  Mele  &  Cuc  2001).  We 
gathered  evidence  that  this  dominance  shift  may  be  a  consequence  of 
mismanagement  and  agricultural  intensification:  In  the  past  cacao  farmers, 
captured by the hope to reduce fungal and viral diseases and increase yield 
(Rice & Greenberg 2000), removed shade trees from their agroforestry systems 
(Siebert 2002; Perfecto et al. 2007), which may promote Philidris establishment, 
since prefers higher temperatures of low shaded plantations  (Wielgoss  et al. 
2010).  Furthermore  this  species  builds  its  nests  in  dead  wood,  which  is 
abundant  in  cacao  trees  when  farmers  prune  brunches  improperly.  The 
increased and partially careless use of insecticides in this region (Wanger et al. 
2010) may have given Philidris  an decisive advantage over other ant species. 
Philidris covers its food trails and trophobiont aggregations with detritus tents 
structures (Fig.III.A3) and builds its nests in brunch stumps where it is relatively 
well protected from direct insecticide application. All these actions might have 
favoured  the  spread  Philidris.  Experiences with the  Red  Imported  Fire  Ant, 
Solenopsis  invicta, in  the  USA or  the  Argentine  Ant  Linepithema  humile in 
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southern  Europe  has  shown  that  the  fight  against  detrimental  invasive  ant 
species affiliated with great expenses and often desperate (Holway et al. 2002). 
We state that measures to counteract ant invasions in agroforestry before they 
happen,  like  increasing  habitat  heterogeneity  by  using  multi-crop  cultures, 
cover-crops, hedges and a variety of intercropped shade trees and avoidance of 
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